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TENSILE STRENGTH—OAST IRON, ETC. 3 


2°62 tons only when the force coincided with one side of the 
bar, the mtio being 2-62 + 7-65 = -842 to 1-0, or nearly as 
we found it by calculation. 

‘These illustrations will serve to show the importance of 
arranging for the tensile strain to coincide with the axis of the 
body, or the centre line of the section, and that where this is 
impracticable, due allowance should be made for the fact. 

(4.) “ Experimental Results.”—Table 1 gives a general sum- 
mary of the most important experiments on the tensile strongth 
of materials, from which it appears than the mean breaking 
weight of :— 


Cast Iron Wrought Iron. Stoel Bar Copper Bolts 
may be taken at -— 
THe 25-7 47°84 wo 
tons per square inch, which is equivalent to -— 


16,000 57,500 107,100 35,940 Iba. 

Table 2 gives tho breaking weight of round bars from } inch 
to 8 inches diamoter, calculated from these data, 

(5.) * Eifect of Re-melting Cast Iron.”"—Ordinary cast iron is 
usually from the 2nd fusion, pig iron being tho Ist: it has 
been found that with some kinds of iron at least, the tensile 
strength is very mnch increased by repeated re-melting ; thus 
‘one set of experiments gave for iron of the 

1 2 3 ath 
melting, the tensile strength per square inch = 
14,000 20,900 80,300 35,785 
Tbs. Another series gave 
11,020 15,912 95,846 45,970 
Ibs. The tnean of the two series in tons per square inch = 
5-6 8-2 14-65 18-26 


(6.) Bot Mr. Fairbairn obtained very differnt results, as 
given by Table 3, which shows that tho transverse and tensile 
strengths were reduced by re-melting so far as the Sri, then 
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TENSILE STRENGTH—GENERAL TABLE. 
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TENSILE STRENGTH—ROUND DABS. 


of Rovxp Baxs of Inoy, Sraex, and Corres. 


mpc 





Lis. 





5,246 
11,820 
21,020 
82,810 
47,290 


64,80 

34,090 
106,440 
181,880 
158,970 
189,190 
l222,050 
257,600 
l295,680 
336,450 





2-34) 
5-28) 
9-38) 
14°00) 
21-1) 
28-74 


47°51) 45,500 
58°65) 56,200 
70°97} 68,000 
84-46) 80,900 
99°13] 94,970 
115-0 110,100 
182-0 |126,450 
150-2 {143,810 


1169-5 | 163,000 
190-0 |182,010 
[211-8 |202,770 
[284-6 |224,780 
258-7 [247,730 





272,010 
7297,200 








36°10) 
42°39 
49°12 
56°55) 
64-20 
72°76, 
81°24) 
90°52, 
100-3 
110-6 
121-4 
92-6 


1,766 
8,140 
4,906 
7,066 
9,616 

12,560 

15,900 


| 19,620 
) 23,750 


28,260 
83,180 
38,460 
44,170 
50,240 
56,740 
63,580 
70,880 
78,540 
86,590 
94,980 


115,040 
aly 





‘ar0 tmeasared at the Cop of the thread 





0-35 
0-70 
1-40) 
2°19) 
a6 
+34 
5-61 
Tu 
8-77 
10°62 
12°64) 
1481 
17°24 
19-72, 
2046 
25-89 
28°43) 
S164) 
35-10} 


2-4 





j 
2) | 


1,756 
3,952 
7,024 

11,000 

15,810 


21,550 
28,100 
35,630 
44,000 
58,220 


68,230 
74,250 
86,180 
98,980 

112,380 

127,090 

142,520 

158,820 

176,000 
98,970 

2,880 


as 





Tons, 


0°78) 
1-76) 
3-14 
491 
7-06) 
9-62) 
12°55, 
16-01 
19°64 
23°76, 
28°23) 
33°19) 
38°47) 
4419) 


50°17 





56-74 
63-68) 
70-90 
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‘TENSILE STRENGTH—WROUGHT IRON AND STEEL. 1L 


uncertain ; it will also be very expensive in fuel, labour, and 
waste of metal. With iron such as that in (5), where the mean 
tensile strength was increased from 1 to 18-26 = 5-6 = 3°26 
at the 4th melting, it would no doubt be commercially advan- 
tageous: in such a case experiments should bo specially made 
on the iron intended to bo used (87). 

(8.) By maintaining cast iron in a state of fusion for length- 
ened periods, the tensile strength is greatly increased: thue 
with iron twice re-melted and kept in fusion for 

0 1 2 $ hours 
the tensile strength was = 
15,861 20,420 24,898 25,783 Iba, 
por square inch. In another set of experiments, the time 


1 4 2 hours 
the tensile strength = 
17,843 20,197 24,387 94,496 Iba. 

(9.) Cold-blast iron is considerably stronger than hot-blast 
iron; taking the former = 1-0, that of the latter was found at 
Lowmoor = “831; at Dowlais, +835: at Ystalyfera, -803, 
‘Tho deterioration in strongth appears by the American experi- 
ments to bo proportional to the temperature of the blast; thus 
the strength of cold-blast iron being 1:0, it is reduced to -865 
with the blast at 150°, and to -807 at 250°, &e. 


WROUGHT IKON AND STEEL. 


(10.) The strength of wrought iron increasos, as might be 
expected, with repeated working in tho firo and under the 
hammer. Mr, Olay found that the strongth of a puddled bar 
being 1-0, it becomes 1°36 when piled three or four times, and 
141 when piled six times; boyond that point, howover, its 
strength declines, and is reduced to that of = puddled bar when 
piled twelve times, 

‘The same authority has shown that with steel, the strength 
of w puddled bar being 1-0, it becomes 1253 at the fourth 
piling, after which it declines and is reduced to 0-94 at the 

h pili 








‘TENSILE STRENGTH—EPYECT OF ANNEALING. 18 


hare 21-6 + 25-7 = -84, or 84 por cont, and with steel 
88-4 = 47°8 =-80, or 80 por cont. 

“ Effect of the. Grain.”—Experiments have shown that the 
tensile strength of both wrought iron and steel, lengthways of the 
grain, is greater than that crossways, as shown by Tuble 1: thus 
with wrought iron we have 22-6 + 20-6 = 1-097, or 9-7 per 
cent.; and with steal 40-1<- 36-6 = 1-096, or 9-6 per cent., 
being practically the same for both. 

In arranging tho plates for girders, &c., those subjected to 
tension should be cut so that the strain is in the direction of the 
grain, and in boilers, where the circumferential strain is double 
the longitudinal (71), the direction of the grain should be 

accordingly. 

(14.) * Effect of Annealing.” —It has been found by experiment 
that tho effect of anncaling wrought iron in the bar, plato, and 
chain form is to reduce the tensilo strength: this is the more 
remarkable, being just tho reverse of the offoct on stcel plate, 
which is to increase the strength as much as 55 per cent. (38). 

By hammering cold the strength of wrought iron is much 
reduced, but by annealing it is partially restored : experiments 
nt Woolwich show the effect of both processes on bars of different 
sizes; thax bors 

2 inches 13 inch Linch 
diameter, gave after being cold-hammered 
17°5 16-4 22°8 tons 


per square inch. ‘Tho mean tensile strength of ordinary bar 
iron is 26-7 tons per square inch by Table 1, hence the loss by 
cold-hamznermg 1s 

32 36 13 
per cont: the mean being 27 per eent. After annealing, the 
strength became 

220 « a6 28:5 tone 
per square inch. Honco after both procosses, thero still remains 


a loss of 
“ ‘ 8°6 per cont. 





shown by et yLapceinert 
| shir iron 3, ad f inch. tik, which gar the le 
and 5-2 per cent. crosaways of the 
| Serigertiie Baa 1-8; Bowling, 8-0 and 91 


‘Tho effect of auncaling chain is shown by Nos. 19, 
_ Table 21, to be 16-34 + 17-54 = -93, or 7 per cent. 
strevgth (109). 





‘CHAPTER Il. 
ON MIVETED JOINTS, 


(15.) Riveting two plates of metal togother may appea 
‘avery simple matter, but the fact is that there is more phil 
involved in it than is commonly supposed. ‘The extry 


justify the most careful attention to the principles by 
strongth is governed, and tho proper proportions arc 
Tho strength of a riveted joint is dopondent, f 
tensile strength of the plate, measured at its w 
namely, through the line of the rivet-holes; se 
strength of the rivets ; and third, on the 


that when wrought-iron plates are 7 
the nsual way, the strength of the plate is redu 
the removal of the metal punched out, but also | 
of the fibres of the metal that remains betweer 


plates by Mr. Kirkaldy in Table 4, which shi 

‘Toss was 13 per cont. with the grain, and 17-26 

this being the result of eighteen experi 

iron by different makers, with plates 3, 7 
plates wore in all cases 8 inches wide, 


RIVETED JOINTS—LO88 BY PUNCHING, 15 
Tantz 4.—Of the Loss of Sruxsota hy Poxcntsa River-toirs 
in Yorranine Borer-PLares. 
Lome Por Cont. 
‘Lengthwayan | Crowways, 


Bowling 
Faraley 


Taylor's 768 
Monkbridge i 67 

” Moan ‘2 = 180 
® 











in a line, +85 inch diameter ; hence the ratio of tho solid part 
of the plate to tho motal botweon rivet-holes was {8 — (-85 x 4} 


+8 = -575to1-0, This proportion is about the same as that 
adopted in ordinary riveting, a fact which is important, for 
obviously, the damage to the fibres will be the greatest close to 
the rivet-boles, and will diminish with the distance: now when 
the holes are pretty close together as in ordinary riveting, we 
tay suppose that the whole of the metal between them will be 
affoctod, but where the distance is very groat, the motal at mid- 
distance may be wholly unaffected, and in that case the mean 
strength would be much greater than in others where the pitch 
of the rivets is small. Mr, Kirkaldy’s experiments are the more 
conclusive because the strengths of the punched plates were 
compared with those of unpunched ones cut out of the same plate, 
Moreover, in order to avoid any possible loss of strength by 




















solid part of the plate are reduced also, and a loss of strength 
will ensuo. 

With girder-work we have the choice of any of the six kinds 
of joint in Table 5, but for boilers wo are practically confined 
to two, namely, single and double rivetod; these alono being 
easily made steam-tight by caulking. 

(26.) “Diameter of Rivets."—The propor size of rivets in 
proportion to the thickness of plate is to some extent arbitrary, 
and within certain limits may be varied considerably, so long as 
the great principle is observed, namely, #0 to adjust the pitch 
and thicknoss as to secure equality between the tensile strength 
of the plato and the shearing strength of tho rivets, 

Nevertheless, practice has dictated as expedient, certain pro- 
portions between the diameter of rivet and thickness of plate 
which should be followed in ordinary eases, and may be 
expressed by the rule ;— 


Qi.) d=(tx 1d) + fe 
or d = (tx 1°25) + °1875. 


In which ¢ = the thickness of plate, and d = diameter of rivet- 
holes, both in inches: col. 2 of Table 14 has been calculated 
by thia role. It should be observed that the diameter of the 
hole should be taken rather than that of the cold rivet: the 
rivet is always made smaller than the bolo for facility in 
inserting it; but when riveted hot in the usual way it fills the 
hole completely, and the strength is therefore governed by the 
size of the holo itself. 

(28.) It is a practical dictum that the diameter of the rivets 
shall be proportional to the thickness of the plate irrespective 
of the pressure of steam and other considerations, This leads 
to no difficulty with girder-work, because we can always adjust 
tho pitch so as to obtain equality between tho strain on the 
rivets to that on the plate (26). But for boiler-work the pitch 
is restricted by tho pressure of steam (45), and we are conducted 
to the anomaly, that ag the pressure is increased, the diameter 
of the rivets should be reduced, a result precisely contrary to 
that expected (53), 















SUNGLE-RIVETED JOINTS, FITCH OF RIVETS. 


RIVETED JOINTS POR GIRDER-WORK. 
(29.) * Pitch of Rivets in Single-riveted Joints."—The m 
principle in riveting, as we have stated, is so to proportion 
space between rivet-holes to the area of the rivet as to 
equality of strength, that is to say, that, theoretically at 
the rivets shall be sheared and the plate ruptured simultaneously. 
In a simple single-riveted joint, if the shearing strength of 
rivots per square inch and the tensile strength of boilerplate 
wore equal, the area of plate between two rivot-holes should be 
equal to the area of a rivet-hole, and it is commonly assumed 
| that such is the proper proportion. But by col. 6 of Table 5 
the mean strength of the metal between the rivet-holes in single- 
riveted joints is 36,898 Ibs. per equare inch, whereas the shearing 
strain of rivets by (19) is 49,280 Ibs.: hence the area of the 
rivet in this kind of joint should be 86898 + 49280 =-75 of ~ 
the area of motal between rivet-holes. 
(80.) Thus, with 3 plato, and }} rivets, as per Table 6, 
area of }} =~8712, hence tho area of metal between two rive 
holes should be -8712 + 75 = -495 square inch ; the distay 
batwoon rivet-holes = -495-~ $= 1-82 or 1,%, inch, and 
pitch 1% +4} =2 inches, The ratio of the motal bo’ 
holes to the solid plate is 1-32 = 66, hence the str 
the solid plate, whon the joint is breaking through the 
rivet-holes, is 86898 x +66 = 24853 Ibs. por square inch 
reduced strain on the solid plate as thus found, is us 
the purpose of calculation, as wo shall find when we 
apply these results to girdors, boilers, &c, 

‘Tho general proportions of singlo-rivetod lap-jointe 
on thes principles are given by Table 6; with st 
the pressure of the steam has to be considered * 
fitch of the rivets (44), but for girder-work th 

by the Table require no correction. 

1.) “ Single-riveted Joints with Back and Front 
tage of a single back-plate, as ut B, Fig. 6, 
as shown by col. 4 of Tablo 5, but with a‘ 
as in Fig. 8, it is very great, which is ¢ 
greater apparent strength of the motal, ’ 































Tanz 6,—Of the Puororrioss and Sruexorit of Sixote-ntverap 
Jorsrs in Wrovon-mox PLares: for Gimpek-woxx oxty, 


tiwhaes 


27 
22/199) 9°88 
914) 10°28 
10-69 

;| 1145 
2,844) 9°75 
22618 1010 
28,172) 10-55 
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‘Nore—The rivet-boles marked * are the most sultable for the given thickness ef plazs, 
be ordinary cave. 








= 46070 Ti)per' equare iach, tis’ ares'of Sbe'civale C 
be 46070 + 49280 =-93 of the area of metal between 
holes. Taking } plate, and }} rivets as before, the area of ¢ 
rivet with double shear = +3712 x 2=-7424 square inch 
tho area of metal between two holes =-7424 + -93 = =f 
square inch; the distance between the holes = 
inches, and the pitch = 2} + 4} = 2}}; the ratio of the 
between holes to the solid plate = 2} + 2}}, or 34+ 45 = -75 
and the strain on the solid plate =-756 x 46070 = 34829 
per square inch, which is 34829 + 24353 = 1-43, or 43 
cent. more than with a simple single-riveted joint (80). Table v 
gives the general proportions and strength of sin, 
joints, with front and back plate calculated in tho manner 
have illustrated. 
ee “Amount of Lap.’—A riveted joint may give way 
lst, by the rivets shearing ; 2nd, by the plate broaking across: 
through the lino of the rivet-holes; and 8rd, by the 
holes tearing out: wo have considered the two former, r 
Lave now to consider the latter. Theoretically, the metal 
¢,d, in Fig. 10, should be torn out, but the rivet wor 
flattened and deformed by the plate, and we may ar 
starting-point for the line of fracture at m, say midway 
a@and ws: then the sum of the distances m, o and p, r 6 
equal to the space o, ¢ between two rivets. Taking, t. 
half the distance ¢, ¢, and setting it from m to 0, we o° 
lap for single-riveted joints, as in col. 5 of Table 6. 
(83.) With « double-riveted joint, Fig. 11, the ply 

break on the line of rivets A,B; in that case the plo 

rivets may remain intact ; conversely, the plate 

the line ©, D, the plate F and all the rivets re 
Tf, as in Fig. 12, we make the spaco T = hi 
light take place on the xig-ang line J, K as easily 
, B, or O, D, in Fig. 11, because the breadth of 

the same in both cases, This shows that T et 

























In another caso all the rivets might be torn o 
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DOUBLE-RIVETED JOINTS FOR GIRDER-WORK. a7 


Taste 8.—Of the Proportions and Sraexera of Dovune-nveren 
Jowns in Wrovent-inos Praves: for GimpeR-woak ONLY. 


| Breaking jSerain on the Sela 
) ‘surain of [Part of Pasta, 
Metal bee | per Sq. In. 
tween the 


Holes, Lbs. 
persq. in. | Loe | ‘Teas. 





45,208 | 32,459) 1449 
88,589) 15°00 
SELF?) 15°25 


34,001) 15°62 
83,688) 15-00 
ld 


15°32 
18-81 
14°55 


148 
5 oN) 151s 
32,143) 14-35 


33,047 14-75 
85,500) 14-96 
$4,086) 15°21 


32,007) 14-29 
82,640) 4-37 
7] ae 
15°05 
7) 14°25 
8) 144 
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Nare—The rivet-holes marked * are the most wultable for the gtvea thickness of plite, 
ordinary cases. 
















as DOUBLE-RIVETED JOINTS. CHAIN-RIVETING. 


(85.) “Double-riveted Joints with Back and Front Plates*— | 
With a plate on both sides, ax in Fig 9, » double-riveted joint | 
has an apparent strongth of 51,000 Ibs. per square inch by) 
col. 6 of Table 5, and taking the shearing strength of rivets at | 
49,280 Ibs. (19) the shoaring arca of the rivets should be! 
51000 + 49280 = 1-035, that of the metal between holes being | 
1-0. Taking the ease of J-inch plate with }g rivets, each | 
space being now matched by two rivets subjected to double 
sear, and the area of 43 
“5185 x 4 = 2-074 squar r 
+1°035 =2 square inches of pla! 
between the insides of two rivet-holes = 2+4= 4 inches; 
the pitch 4 +43 =4}% inches: the ratio of metal between 
rivet-holes to the solid plate = 4}j, or 6477 =-S81, 

2381 Ibs. per square 
3 per cont, greater 
inch plate with simple single-riveted 
joint, as given by col. 8 of Table 6. Table 7 has been ¢aly 
culated throughout in this manner. 

(36.) “ Chain-Riveting."—The various Tables 6 to 8 show 
that with every kind of ordinary joint thero is a considerably 
Toss of strength, duc to the metal being punched out to¥ 
the rivets, varying from *588, or a loss of 41-2 per cop” 
single-riveted joints in Table 6, to *857, or a loss of J 
cent. in double-riveted ones with front and back 
Table 7. By what has been termed Chain-riveti 
from this cause may be entirely avoided, and thr 
strongth of the entire area of the solid plate may” 

Say wo take ? plates, doublo-riveted with 1} ri 
pitch, as in Table 8, the space between rivot-ho 
then the ratio of the motal between rivet-holo 
part of the plate or spa pitch, becomes 
47 +65 =-723, hence 1-0 723 =*277, ¢ 
of the strength, is lost, w if instead 
rivets in two rows, as in Fig. 11, we place t} 
in Fig. 15, we have on the line Q, R, 4, 
pitch, and the space 12,!; — 1} = 11, 
pitch becomes 11, +12,',, or 177 = 


Ee 
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91 = 9 por cent. loss of strength only, allowing nothing for 
friction between the surfaces (20). But friction in such a 
joint would certainly add 9 per cent. or even more if it could 
be utilised, and thus we find that the full strength of the solid 
plate becomes available, there being no loss whatever. 

‘The amount of lap in such a joint carried out in the ordinary 
manner would be vory great, but this may be avoided by the 
arrangement shown by Fig. 15. The bottom plate of the 
girder, or mther the plate sabjected to tensile strain, instead of 
being mado in one thickness, is divided into two plates of half 
the thickness, and they are arranged upon one another #0 a8 to 
break-joint. Thus when a thickness of 1 inch is required we 
should use two j-inch plates: then if the top plate extends 
from A to B, the lower plate would extend from C to D, the 
jumetion at C being in the centre of the solid part of the plate 
A, B, &e. We thus sccure all the advantages of spreading the 
rivets, without any loss by Jap. 

The only drawback to this method is, that two thin plates 
will be more aubject to damage from rust than one thick one of 
equal area, not only because they would expose double surface 
to the clements, but also that the interstice between them 
would harbour the rain-water. ‘This mothod is therofore most 
usefol in large structures where thick plates are used, and even 
then, care should be taken by painting, &c., to obviate dotoriora- 
tion by rusting. 


STEEL RIVETED-JOINTS FOR GIRDEB-WORK. 


(87.) The introduction of tho Bossomer process in the manu- 
facture of steel, and consequent reduction in cost, has led to its 
extensive use for all purposes as a substitute for wrought iron. 
‘The full value of its great tensile strength has not been quite 
realised with riveted joints, from the fact that steel rivets have 
comparatively a low shearing strength, which differs very little 
from that of wrought iron (42). This has lod to the necessity 
for larger rivets than would otherwise have been roquired, 
resulting in some loss of strength. ‘Tho bost experiments we 
have are those of Mr. H. Sharp, from which we shall obtain the 
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strength of annealed and unannealed steel plates, solid, 
and drilled; also the strength of tho motal in riveted jointe, 
of the rivets in thoso jointe. = 

{88.) “Solid or Unpunched Plates,"—Table 9 gives the strength 
of solid steel plates, and shows the remarkable effect of annealing 
or heating to a dull red heat and cooling slowly in sand or 
ashes, the reault being an increase in strength of 61 per eant 
crossways of the grain, and 60 per cent. lengthways, the mean 
of the two = 55} per cent, 

Remarkable us this result is, it is confirmed by the experi- 
ments of Mr, Barnaby at H.M. Dockyard, Chatham, on steel plates 
} inch thick, punched with holes about § inch diameter, &t, aa 
in Fig. 14: the average of eight annoaled plates was 82-889, 
and of cight unannealed plates 21-097 tous per square ineb, 
showing a difforence of 38-839 1 
per cent., being almost exactly th 












‘Taste 9.—OF Experiments on the Trxate Sruexorn of Som 
Srexr Prares, 





Direction of the Grain. Square Inch, R 


Annealed. | Not Annealed, 





Crossways 
. 0 Mean = 
Lengthways 








{89.) This is the moro remarkable because 
annealing with wrought-iron plates was just 
shown by the direct experiments of Kirkaldy 
of Yorkshire iron ; the mean result of eight 
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care @, },and § inch thick being a lors by annealing of 5-6 per 

cent. lengthways, and 5-2 per cent. crogsways. With Lowmoor 
iron, the loss was 4-8 and 1°8 per cent., and with Bowling, 8-0 
and 9-1 per cent. respectively. 

Tt would appear from this that steel plates, even in the solid 
ot unpunched form should always be annealed With annealed 
plates, those strained Jengthways of the grain are 10 per cont. 
stronger than those strained crossways, and with those not 
annealed, 4-2 per cent. 

(40.) “ Effect of Penching and Drilling."—Mr. Sharp made 
experiments on steel plates by punching and drilling rivet-holes 
of the diameter and pitch commonly used for riveted joints, the 
results of which are given by Table 10, which shows that by 
punching cold in the usual way, the metal left between the 
holes is damaged from 24+1 to 38 per cent., the mean being 
33 per cent, which is very great as compared with wrought 
iron. Mr. Kirkaldy’s experiments on Yorkshire iron in Table 4 
gives the loss due to punching from 6-7 to 21-2 per cent., the 
mean of the whole being 15 per cent. only ; Mr. Fuirbairn’s 
experiments on Lowmoor iron in single-riveted joints gave 
1-0--76 = -24, or 24 per cent. los, by col. 4 of Table 5. 

After the punched plates were annealed, the tonsile strength 
was restored to 35°86 tons per square inch, or nearly to that of 
the solid plate, which in this caso was 36°22 tons, and this 
again is the strength of the metal in a drilled plate which by 
Table 10 = 86-3 tons per square inch. From this we find 
when the holes are drilled the metal left between holes is un- 
injured, its strength per square inch being equal to that ina 
solid plate. 

It ia not very clear how these experiments wero made, but it 
would appear that the plates in Table 10 wero all annealed to 
begin with; then after tho holes wore punched the strength 
was reduced from 36°22 to 24-333 tons per square inch, which 
by annealing a second time was restored nearly to its normal 
value, or to 35-86 tons. The drilled and annealed plates gave 
36°3 tons, or practically the same strength aa the annealed 
solid plate, which was 36*22 tons. 

(AL) “ Biveted Joints in Steel Plates."—Steel plates y, inch 
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Tantz 11,—Of Experiments on the Stxexorn of Riverxp Joists, 
in Srnet Pharm. 


Breaking Strain. ‘Toms por 
youre Enc. 
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Solid Plate (86°22 tons) Pig. 
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™ with back plato 
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3 | Rivets sheared, 
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in soven eases the rivets were sheared with strains varying from 
25°95 to 18-75 tons, tho mean of the whole being 23-77 tons 
or 58,245 Ibs. por square inch, which is remarkably low. It is 
generally admitted that the shearing and tensile strains are 
equal to one another, and (128) shows that this is correct so far 
4s wrought fron is concerned. But the mean tensile strength 
of bar steal is 47-84 tons per square inch, this being the mean 
of sixty-six experiments in Table 1, so that it would appear 
that the fibres of steel aro vory seriously damaged in the act of 
riveting, the shearing strength being reduced to halfthe normal 
tensile strength. 

‘This ix the more remarkable because it is really lower than 
the shearing strength of wrought iron: the direct experiments 
of Mr. E. Clark in (128) give 2414 tons per square inch as 
the moan of four experiments with singlo-shear, which is 1) 

D 
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per cent. greater than 23-77 tons tho shearing strength of 
stool. ; 


Moreover it should be observed that the strength of steel 
rivets was obtained from joints in steel plates, where the friction 
due to the grip of the rivets (20) must have contributed to the 
apparent strength, so that the resistance of the rivets alone 
must havo been considerably less than 23-77 tons per square 
inch, which however must be accepted as the apparent shoar- 
= strength of steel rivets in double-riveted joints of steel 
plates. 

(48.) “ Proportions of Steel Joints."—The pitch and other 
proportions of riveted joints with stecl plates may be determined 
on the same principles as those of wrought-iron plates, but the 
relative weakness of steel rivets will affect the pitch yery 
considerably. 

We shall take the tensile strength of the metal between rivel- 
holes in steel joints of all kinds at 41 tons, or 91,840 Ibs. (41), 
and the apparent shearing strain of steel rivets in joints at 
53,245 Ibs. por square inch (42): hence the riveta are 58 per 
cent. only of the strength of the plates. 

Say wo take for illustration 3-inch plates, double-riveted: by 
col. 8 of Table 14 the rivets should be }} inch diameter; tb” 
the area of the rivets must be 91840 + 53245 = 1-725, 
the plato botween holes being 1-0, hence for two }} 2 
each space as with double-riveted joints, whose area = 
X 2 = -TA94 square inch, we require *7424 + 1-79 
square inch of plate. Tho distance between holes w 
fore be -43 + § =1-146, or 1} inch; the pitch 1 + 
the ratio of metal left betweon holes, to the solid p’ 

1}4, or 18 + 29 =*621; and the strain on the 
the plate when the metal between holes is bre 
91840 x -621 = 57038 Ibs. per square inch. 
been calculated in this way throughout. 

Comparing steel joints with doublo-riveted w 
in Table 8, col. 9 gives for 3 auch plate 3¢, 4 
inch: hence we obtain 
in favour of steel for Girdea-w orl 
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Taste 12.—Of Dounne-nrveren Jorsns in Sree Puares: for 
GipeR-woRk ONLY. 





91,840 | 62,685 
50,880 
57,400 
57,090 
56,900 
55,650 
Cw] 


RIVETED JOINTS FOR STEAM-ROILER WORK. 


(44.) In riveting plates for girder-work, we have only to con- 
sider the proper proportions of area of rivets to area of plate 
between rivet-holes, but for steam-boiler joints we have farther 
to consider the space, or distance between rivet-holes with 
reference to the pressure of steam, otherwise the joint may not 
be steam-tight. A rivotod joint may be abundantly strong 
enough to resist the strain, but if the pitch of the rivets is too 
great, it will give trouble by leaking. 

(45.) “ Space between Rivets.”—An ordinary lap-joint, Fig. 16, 

. is made steam-tight by caulking at C, and although the con- 
traction of the rivet in cooling will draw the two plates together, 
still there will be = small space at D, sufficient to allow the 
steam to enter, being stoppod in its passage by the caulking 
at C. Tho plate at EB, between two rivets may therefore be 
regurded ag a beam loaded all over by the pressure of the 
steam, and if that pressure exceeds a certain amount, the effect 
will be to canso the beam to spring or deflect slightly and 
thereby to leak at C. 

We have now to consider the relations between the thickness 
of plate, distance between the insides of the rivet-holes, and the 


pressure of steam. 
p2 









36 PITCH OF RIVETS IX STEAM-BOTLERS, 


Let A, B, C, Fig. 17, be throe beams, all of the 
(or thickness) and breadth, but varying in length in the: 
1, 2, 4; then by analogy these may be regarded as three 
joints having distances between insides of rivet-holes 
ratio 1, 2,3, &e, Now, if we admit that a crack of any measur 
able amount will cause leakage, that amount will be the same i 
all three cases, 0 that the problem becomes this; to find whab 
the reepective loads must be, to give one and the same deflection 
in all the three cases. By the laws of deflection in (662) if ie 
shown that W= “2% 2. ty our caso a, 8 and © am 
constant, therefore W will be inversely proportional to L* simply, 
hence the lengths C, B, A, being in our case 1, 2, 4, the Touda 
will be in the ratio 4°, 2°, 1’, or 64, 8,1. But in our case, the 
surfaces over which theee loads are sprend are also in the ratio 
1, 2, 4, and our special object is to find the pressure or Toad 
per square inch; with A we have a load of 1 sproud over a I 
of 4, hence 1-4 = } per unit of length; with B, « load of 8 
spread over a length of 2, or 8 2 = 4 por unit of length; and 
with ©, load of 64 spread over a length of 1, or 64 per unit oF 
length. ‘Thus, with lengths 4,2, 1, we obtain pressures 4, 4, G5 | 
or in the rutio 1, 16, 256, which are inversely as the fourth power | 
of the lengths, for I*, 2, d‘are 1, 16, 256, and we thus find tliak 
with constant thickness, the pressure tending to produce leakp” 
of steam will be inversely proportional to 8‘, or the fourth ¥ 
of the space, or distance between the insides of the rivet 

‘The formula in (662) shows that W is directly pre 
to @, hence we have the rules :— 


(46) p=M.x #+S% 

(a7) 8=J/M.xe 

(48.) M,=8'x p+e. 

In which $ = tho spaco between insides of rivet 
t = thickness of plate in ]ths of ar 
p = working pressure of steam in Ibi 


=a constant from prac 
Gran; 62 for etocl plato. 
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To find the value of M;,, we may take a standard case, say 
plate, |} rivets, 2 inches piteh, 1,%, space, and 50 Ibs. per 
square inch; those are common proportions, and have been 
proved to be satisfactory by universal experience. 

We may find 1,%* by the agware of the square of that number; 
thus 1) = 1-723, and 1-723" = 2-969, which is the fourth 
power of 1,4,; thon the rulo M, = 8S‘ x p+, becomes 2-969 
* 50+ 97 = 5:48, say 5-5, the value of Mi. 

(49.) Again: to find S for say 150-Ib. steam with 4-inch plate, 
the rule (47) becomes 8 = {5-5 x 4 50 = 1-288, or say 
ljinch. For example, 5-5 x 64+ 150 = 2-35; then we may 
obtain the 4th root of 2-35 by finding the square root of the 
square root of that number: thus 4/235 = 1-583, and 
4/T-583 = 1-238 inch as before, this being the 4th root of 
2-35. We should obtain the samo result direct by the use of 
logarithms: thus tho log. of 2-3% or °871068 + 4 = -092767, 
the natural number due to which = 1-238 inch as before. 

Again: to find p for say 7; plate with } rivets, 1jj-inch 
space, therefore } + 1,5, = 2); pitch, the rule (46) gives p = 
5:5 x BY? + 1)! = 80-Ib, steam. Thus 1%, = 1-72, and 
1-72 = 2-6, which is the 4th powor of 1,%. Thon 3}? being 
= 42-87, wo obtain p = 5°5 x 42°87 + 2-96 = 80-Ib. steam 
as before. 

The London and North-Western Railway Co. at Crowe, for 
their 4-foot locomotive boilers, use jj-inch plates, } rivets, 
"Ty pitch, therefore I-inch space; then p = 5°5 x 8P +1 = 
189-Ib. steam ; the actual ordinary working pressure is 120 Ibs.; 
occasionally 150 lhe, per square inch. 

(50,) Table 18 has been calculated by rulo (46). It should 
be understocd that these rales are approximate only, giving a 
fair working preasure. Possibly a pressure double or even 
treble that given by the rule, would not cause the joint to leak 
instantly, but in all probability it would eventually do so, and 
as it is essential that boilers should be perfectly steam-tight, it 
will be advisable that the working pressure should not much 
exceed those given by the rules, and Table 13. When steam 
joint or anything else is overstrained, failure is always more or 
Jess & question of time, 
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‘Taste 13.—Of the Maximum Parssune of Sream with 
Jonsrs, as governed by the Space between Rivet-holes. 
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(51.) We have admitted in (28) that the diameter 7 
rivets shall bo governed by the thickness of the plate 
irrespective of the pressure of steam or other consid 
and in (44) wo have allowed that the space between * 
(and thereby the pitch of the rivets) shall be de 
the pressure of the steam. But under those tw 
it is impossible to secure that equality between 
strain on the rivets and the tensile strain on the pl 
an essential principle in riveting, as shown ix 
instance, in Table 14, the pitch is allowed tr 
whether the joints are single or double-riveted 
if the area of the rivets is properly prope 





former, they must have an excess of strongth for tho latter, 
because in one case each space is matched by one rivet, and in 
the other case by two. 

(52.) This anomaly might be avoided if we allow that the 
diameter may be varied so ns to adapt it to the strain, irro- 
spective of the mero thickness of the plate. Say that wo take 
f-inch plate for 50-Ib. steam, = 1g-inch spaco by Table 14: 
then the area of plate between two rivet-holes = 1f x 4 = 
+8125. square inch, giving in a aingle-riveted joint by col. 7 of 
Table 5, 34110 x 8125 = 27710 Iba, and as rivets yield 
49,280 Ibs. per square inch (19), wo have 27710 + 49280 = 
-562 square inch of rivet = say bare J-inch diameter, agrooing 
nearly with col. 2 of Table 6, which gives }} inch diameter 
for 4-inch plate, showing that in a single-riveted joint the 
principle of equality between the strains on the rivet and plate 
is complied with. 

Bat with double-riveted joints we have two rivets to each 
space, and 41,800 Ibs. per square inch of plate by col. 7 of 
Table 5: then, we have 41800 x -8125 = 33962 Ibs. from 
the plate requiring 33962 + 49280 = +689 square inch, area of 
two rivets, or ~345 square inch each, = say, }} inch diameter, 
instead of { inch, as for single-riveting ; but by most practical 
men }} rivets would be deemed too light for J-inch plates. 

(53.) Besides, there is this anomaly, that the higher the 
pressure of steam, the smaller the rivets become, this being 
due to the reduced space betweon rivets. Thus, for 350-Ib, 
steam, and }-inch plates, the space = 1 inch by Table 13, 
hence 1 x $ = § square inch of motal, which in a singlo-riveted 
joint would give 34100 x } = 17055 Ibs, requiring 17055 + 
49280 =-846 square inch of rivet = say }4 inch diameter for 
850-Ib. steam, whereas for 50-Ib. steam we obtained £ inch. 

Those calculated proportions are no doubt correct so far 
as the strains on the rivet and plate are concerned, but there 
are other considerations which rendor it inexpedient that 
they should be followed, and we must admit the practical 
dictum (28) that the diameter of the rivet shall be proportional 
to the thicknoss of the plate, as given by the rule (27). 

(54.) “Space between Rivets with Steel Plates."—By ool. 4 of 












40 ‘TENSILE STRAIN. THEN PIPES. 
‘Table 105, steel is stiffer than wrought iron, the dit 
1565 +1386 = 1-18 or 18 por cent, and the baer 
steam would be greater in that ratio; hence the rule 
bocomes :-— 
p=6-2x 6+S8' 

But the difference of 13 per cent. is so small, and the 
such an approximate onc, that we may safely admit that 
working pressure with steel will be the same as for 
iron as given by Tables 13, te. 


OHAPTER Il. 
COMERION APTLIED TO PIrEs. 


(55.) Tt is necessary to consider this subject under two 
difforont heads; namely, thin and thick pipes; the former 
being usually of wrought shect metal, such as ordinary steam 
boilers, and the latter of cast motale, such as strong water | 
Pipes, hydraulic-press cylinders, dc. The strains in these 
two cases differ considerably from one another, the Intter being 
much more complex than the former. | 

© Thin Tubes,” —Let Fig. 18 be a tube 1 inch square, and for 
the sako of illustration, say 1 inch deop, subjected to an internal 
fluid pressure of 100 Ibs. por square inch, ucting, of course, iii 
all directions. Now the surface ¢, d having an area of 1 square 
inch, will exert a force of 100 Ibs. in the direction of ” 
arrow a, and will be resisted by a similar force on the sur 
«, f, acting in the direction of b; hence we have a” 
strain of 50 Tbs. on cach of the sides ¢, ¢ und d, f, tend 
produce rupture say on the line B, B. 

(56.) Lot Fig. 19 be an octagonal tube 1 inch ine 
1 inch deop as before: wo havo first to find the d° 
of the sides of the polygon. Tho half-side a, b ir 
the tangent of the angle a, d, b, which being tk 
part of the circle will be 3| 25°: then t 
of natural tangents we find that with radius 1-0, 
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of 25° = 0-4142, hence with radians 4, as in our case, wo havo 
a,b = 0-2071, and a, ¢ = 0°4142 inch. The pressure on a, ¢ 
will act direct ax a tendency to rupture on the points B, B, 
the force being 0°4142 x 100 = 41-42 Ibs.; but the pressure 
on ¢, e and a, g will act obliquely, Thus the strain on ¢, ¢ will 
of course bo 41°42 Ibs. as on a, c, but it will act in the 
direction of the arrow z, and must be resolved into two 
equivalent forces, one in the direction of tho arrow y, which 
being at right angles to B, B, will tend to rupture on those 
points ; the other in the direction of the arrow = being parallel 
to B, B will havo no offect. By the well-known parallelogram 
of forces, Fig. 20 making the diagonal D = 41-42 Ibs. wo 
have two equivalent strains, the direction and force of which 
are given by the two sides of the parallelogram BE, F, each 
29-29 Ibe, F being a direct tensile strain on the points B, B 
in Fig. 19. Of course the side a, g will give 29-29 Ibs. ulso, 
and the combined strain will bo from a, g = 29-29; a, ¢ = 
41+42; and o, ¢ = 29-29 Ibs, or 20°29 4 41-424. 29-29 = 
100 Ibs,, being precisely the same as with the tubo, Fig. 18, 
1 inch square, 

Calculating in this way with a polygon of any number of 
sides we should obtain the same result, and a cirele being 
regarded as a polygon with an infinite number of sides, we 
thos find that the strain on a cylindrical tube is the samo 
a8 on a square one of the same dimensions. From this it 
follows that tho strongth of a cylinder of thin plate, such aa 
an ordinary boiler, is simply and directly proportional to the 
thickness, and inversely as the diameter. 

(57.) * Lap-welded Tubes,”—Say that we require the strength 
of a small boiler 24 inches diameter, }-inch plate, with 
welded joint, mado of Staffordshire plates whose tensile 
strength, namely, that of a solid plate, is 20 tons per square 
inch. By Mr. Bertram’s oxporiments at Woolwich the strength 
of a lap-welded joint may bo taken at 65 per cont, of that 
of the solid plate: hence 20 x -65 = 18 tons, or 29,120 lbs, 
per square inch. In our case rupture strains } a square inch 
(or 4 inch at each side); hence 29120 x | = 14560 1bs., which 
on 24-inehes gives 14560-+-24 = 607 Ibs. per square ine 








bursting pressure; with 6 for the Factor of safety (78) wo 
obtain 607 + 6 = say 100 Ibs. per square inch, safe or working 
pressure. From this we have the general rules :-— 

(58.) For welded boilers: P = 58200 x fd. 





(59.) » mw nn PHO xtod 


In which ¢ = thickness of plate in inches; d = inside diometer 
in inches; P = the bursting pressure, and p = the safe working 
pressure in lbs, per square inch: thus for the 24-inch boiler 
we have considered, the rule gives 9700 x {+24 = 101, say 
100 Ibs. per square inch working pressure, as before. 

(60.) “Steam-boilere with Riveted Joints." Staffordshire plates 
are now 80 extensively used for boilers, that it will be expedient 
to take them as a basis for general rules, although, as shown by 
Table 5, their strength is inferior to the mean of British plate- 
fron, and still more inferior to Yorkshire iron. 

We have shown in (44) that the pitch of rivets, and thereby 
the general proportions of joints in steam-boilers, ix governed 
by the pressure of steam as affecting the tendency to leakage, 
irrespective of strength to resist bursting. 

(61.) For the purpose of fixing general proportions, we may 
take as a “standard” case the working pressure of 50 Ibs. per 
square inch, the proportions due to which will suffice for all 
lower prossures ; and also with sufficient accuracy for practical 
purposes up to say 70 or 80 Ibs. por squaro inch. The propar- 
tions for higher pressures should be found by special caloula~ 
tion (68) (76). 

Wo have first to find the space between rivet-holes with 
the different thicknesses of plate for 50-Ib, wteam by Table 
18; taking the nearest pressures in that Table we obtain 
col. 6 in Table 14. Thus, for }-inch plate we have for 50-Ib, 
steam the space = 1,%,; Table 14 gives }} rivets, us in ool. 3; 
hence the pitch = 1y%, + 4} = 2 inches, col. 4; the ratio of 
the metal between holes to the solid part of the plate = 1% —= 
2, or 21-482 = *656,a8incol. 7, Tho apparent strength in 
single-riveted joints of Staffordshire plates being 54,110 lbs, per 
square inch by col. 7 of Table 5, that on the solid part of the — 
plate = 34110 x *656 = 22380 Ibs., as in col. 8 of Table 14 
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a4 RULES FOR STRENGTH OF 


With double-riveted joints, the apparent of 3 
between rivet-holes = 41,800 Ibs. by col. 7 of Table 5, henes 
At eaten at aise I = 41800 « -656 = 
27420 Ibs. per square inch; col. 9. Caloulating in this 
manner, we have obtained the general proportions in Table 14 

(62.) The mean sti on the solid part of the plate, when 
the metal between the rivet-holes is breaking, is with single- 
riveted joints 22,380 Iba, or say 10 tons, as in col. 8, and far 
double-riveted joints = 27,420 Ibs: col, 9. 

General Rules."—We may now apply theso rosalts to 
practice, and may take for illustration a 48-inch boiler with 
j-inch plate, and for the purposes of calculation say 1 inch 
long. Now as we have § x 1 inch at each side, thik is evidently 
equal to J square inch area of metal taken through the solid 
part of the plate, the reduced resistance of which in a single 
riveted joint = 22400 x } = 16800 Ibs: this is the fotal strain 


on the whole surface with which the boiler would burst, 
which being spread over the diameter (56), or 48 inches, gives 
16800 +48 = 850 Ibs. per square inch bursting pressure. 
Hence we haro the rules :— 


(63.) For single-riveted joints: P = 44800 x td. 

(64) ” » » p= 466 x tod, 
In which ¢= the thickness of plate in inches; d = inside 
diameter in inches; P = the bursting pressure, and P= the 
safe working pressure in Ibs. per square inch :—thus in our 
case, P = 44800 x $+48 = 350 Ibs. per square inch os 
before, 

With double-riveted joints, tho moan reduced strain on the 

7 


20565 Ibs. total 
eter, or 20565 +48 = 
2 we have the rales -— 

(65.) dot iveted joints: P = 54840 x t-+d. 
(66) = » p=9ld0x ted. « 
‘Thus in our case, P = 54840 x $ +48 = 498 Ibs. per square 

inch bursting pressure. 





TABLE OF THE STRENGTH OF BOILERS. 45 


Taste 15.—Of the Strexora of Cytixpercat Borcers made of 
‘Srarrohpsetge PLates Riveren JorsTs, for internal Pressures 
in Pounds per Square Inch. 
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Bursting Pressure—Double-riveted Joints, 
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Working Pressure—Single-riveted J 
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46 STEAM-BOILELS POR VERY HIGH PRESKURES. 


(67.) By these rules, Table 15 has been calculated for the 
bursting and safe working pressures: the former will enable 
the engineor to select a factor of safety to suit his case and to 
satisfy his judgment, For ordinary cases and moderate pres- 
sures Factor 6 should be used as in Table 15; but for very 
high prossures that factor would lead to excessive and almost 
impracticable thicknesses, and it becomes nocessary to use & 
lower one, the risk being of course proportionally inereased (78). 

(68.) * Boilere for very high Pressurcs."—Tables 14, 15 are 
strictly adapted for 50-Ib. steam only, but may be used for 
higher pressures up to say 80 lbs. For higher pressures the 
proportions of the joints should be specially calculated in the 
manner illustrated in (61). 

Say that we take the case of a boiler 27 inches internal 
diameter, for 300-1b, steam, this being tho working pressure = 
for 80 high a pressure we may take the factor of safety at 4 
(78). We will assume that tho thickness shall be 1}. and 
double-riveted : then, by Table 13, the space between rivets = 
1%; inch, and the diameter of the rivets by col. 8 of Table 14 
= ly; inch: hence the pitch = 1,5 -+ 1) = 23; the ratio of 
the area of the punched plate to that of the solid plate = 
lf = 2, or 21-88 =-553. The apparent strongth of the 
metal between rivet-holes in a double-riveted joint of Stafford- 
shire iron = 41,800 Ibs. by col. 7 of Table 5, hence we have 
41800 x *583 = 23115 Ibs. per square inch on the solid part 
of the plate, and as we have 1} square inch of metal per inch 
run (or }} at each, side) we obtain 29115 x 1} = $1783 Ibe. 
bursting strain, or that on the whole of the internal surface of 
tho 27-inch boiler, or $1783 + 27 = 1177 Ibs, por square inchs 
then with Factor 4, wo have 1177 +4 = 294 lbs. safe working 
pressure per square inch, which is very noarly tho actual 
prossure required, or 300 Ibs. 

(69.) Womay now show the effect of crroncously caloulating 
this boilor by the general Table 15, or rather by the rule (65) 
on which that Tuble is based, that rule and table being 
strictly correct for pressures of about 50 Ibs. only (61). In our 
case the rule becomes 54840 x }} +27 = 1997 lbs. per square 
inch bursting pressure. But by the correct calculation (68) we 








. 
former alono is considered in the various rules and 
we have so far given; we have now to investignto 
latter. 

Say we take a plain cylindrical boiler with cither hemi- 
sphorical or flat ends, but without any intornal fluo, ) inch 
thick, 48 inches internal, therefore 48} inches external 
diameter. Taking the apparont strength of single-riveted 
Staffordshire platos at 22,400 Ibs, per square inch on the solid 
part of the plate, as in col. 8 of Table 14 and (62), the bursting 
pressure circumferentially = 22400 x } x 248 = 350 Tha 
per square inch, or the same as givon by Tablo 15. 

To find tho strain on the two ends we have the area of 48} = 
1868, and of 48 = 1809; hence the area of the annulus 
= 1868 — 1809 = 59 square inches, giving a total pressure of 
22400 x 59 = 1821600 Ibs. on the ends, and the internal 
area boing 1809, we have 1521600 + 1809 = 730 Ibs, per square 
inch bursting pressure longitudinally, or about double the 
eiroumferential bursting pressure, which we found to be 350 Ths 

Applying this reasoning to other diameters and thicknesses, 
it will be found that the ratio between the two strains is con- 
stant for all sizes; honce when a boiler is on the point of 
rupture circumferentially with the pressure givon by tho rules 
in this work, the longitudinal strain is only half the breaking 
weight in that direction. 

In an ordinary Cornish boiler with one or two internal flues 
the longitudinal bursting pressure will be still greater, the flues 
adding greatly to the strength. 

(72) It is shown in (62) that with a singlo-rivetod joint the 
strain on the solid part of the plate, whon the joint is bi 
throngh the rivet-holes, is 10 tons only, or half the normal 
strength of the iron, so that half the strength is lost. Tn order 
to avoid this loss, it has been proposed to roll the plates with 
extm thickness at the edges, as in Fig. 21: for example, if the 
thickness of the body of the plate at A is balf that at theedge B, 
then whon the metal between rivet-holes is breaking, the strain 
at A would become 20 tons per square inch, and the fall 
strength of the iron would be utilised. Hero, however, a diffi 
culty seems to arise: the extra thickness at the edges could be 
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50 STEEL BOILERS FOR STEAM. 


‘Taste 16.—Of the Proportions of Doun-e-niveren Jor 
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‘Tho apparent strength of the metal between rivet-holes in steal 
joints = 91,840 Ibs. per square inch by (41); hence we bayo 
91840 x +607 = 55747 Ibs. per square inch on the solid part of 
tho plato, and as we have } square inch of metal per inch ram 
(or } on cach side) wo obtain 55747 x } = 41800 Ibs. on the 
whole area, or 41800-+ 48 = 871 Ibs. per square inch bursting 
preseure, With 6 for the factor of safety (78) we have 8711=6 
= 145 Ibs. per square inch working pressure. Calenlating im 
this way we have obtained Table 16: the mean strain in ol, 7 
= 57,000 lbs. per square inch. Hence for double-riveted steal 
boilers with annealed plates we have the general rules -— 

(74) P = 114000 x td, 

(752) p = 19000 x td. 
In which ¢ = the thickness of plato in inches; @ = inside 
diameter in inches; P = tho bureting, and p = the safe 
working pressure in Ibs. per square inch, Thus in our ease 
P = 114000 x $ +48 = 890 Ibs; and p = 19000 x 9248 
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square inch bursting pressure of steam, and the ordinary wo 
pressure being 120 Ibs., the factor is 414 120 = 3°45: oeca- 
sionally the pressure is 150 1bs., or even more, and the factor 
becomes 414-150 = 2°76, 

From all this wo may admit that in ordinary cases the factor 
should be 6, but for exceptional casos it may be 4, as in (68), 
&c., or even 3 with comparatively new and sound boilers: but 
this is n matter which must be left to the judgment of the 
engineer. 

STRENGTH OF THICK PIPES. 


(79.) The strength of a pipe in resisting internal pressure is 
not simply proportional to the thickness of the metal; the 
material strotchos under a tensile strain, the result being that 
the metal inside is more strained than that outside, and that thick 
pipes aro weaker in proportion to their thickness than thin 


ones, 

To illustrate this, let Fig. 22 be a 10-inch pipe, 5 inches thick, 
therefore 20 inches outside, and let un internal pressure be 
exerted until the inside diameter becomes 10} inches: now if 
the metal at A wore strained in the same proportion as at B, it 
would be extended or stretched in the same proportion, and the 
outside diameter would become 20} inches. But obviously the 
cross-sectional area must be the same in all cases, 20 inches 
boing = 314'16, and 10 inches = 78-54, the area of the 
annulus must be $14-16 — 78-54 = 235-62 square inches, 
therefore the outside diameter in Fig. 23 will be found by 
adding the arca of 10}, or 80516 to 235° 62, and wo thus obtain 
80-516 + 235-62 = 316-136, the diameter due to which 
= 20,); inches inatead of 20} inches, and if we admit that the 
strains aro proportional to the extensions, the metal at A is 
strained to } only of that at B: for instance, if the strain at 
A = 4 tons per square inch, that at B will be 1 ton only, and 
between A and B we have ai 


(80.) It will now bo soon that tho strain is inversely pro- 
portional to the square of the distance from the centre: in our 
cage the strain at B being 4, that at A will be 4 x 5* +10? 





“THICK CAST-IRON PIPES. 55 


=I ton, &. Let Fig. 24 be the section of a 10-inch pipo with 
various thicknesses up to 10 inches: we will assumo that the 
strain at C, where it is a maximum, is7 tons per square inch, this 
being nearly the breaking weight for ordinary cast iron (4), the 
stansion dus to which by rule (605) is:— 

E = (-00015 x 7) 4- (-0000122 x 7*) = -0016487. 


‘This being at 5 inches from the centre, that at D, or 6 inches, 
will be ~0016487 x 5* + 6* = -001144, the strain due to which 
by the rule (606) becomes :— 


(ee 


Honntag + 878} /— 6-15 = 5°92 tons 


per aquare inch, as per ool. 3 of Tablo 18 ; hence the mean strain 
ou the ring A is (7 + 5-32) +2 = 6°16 tons as in col. 4, and 
ag we have 2 square inches of metal per inch ren (namely 1 inch 
at each side) we obtain 6-16 x 2 = 12-32 ton bursting pressure 
on the whole diameter, or 12-32 + 10 = 1-282 ton por square 
inch asin col. 5. Calculating in this way we obtain the strains 
and pressures in cols. 4,5 of Table 18: thus for 10-inch pipes, 
6 inches thick, the mean strain throughout the section becomes 


(e164 47545-7754 8-07 + 2°51) +5 = 4-059 tons 


‘pet square inch of metal asin col. 4. Thon as wo havo 10 square 
‘inebes of metal per inch run (or 5 inches at each si 
4/0598 x 10 = 40-59 tons on the whole diameter, or 
= 4-059 tons internal pressure per square inch, co 
whole cross-sectional area had yielded the maximum 
7 tons por square inch, we should have had 7 x 1 
‘on the whole diameter, or 70 + 10 = 7 tons pressure 
inch instead of 4-059 as per col. 5. 

‘We should obtain nearly the same results by tho 

is 
a ce 


(22) s peers. 
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56 THICK PIES. MYDRAUING PRESHES. 


In which p = the internal pressure per square inch in tons, 
Ibs., é&c., dependent on the value of 8. 

§ =the maximum tensile strain, or that at the 
inside of the pipe, in tons, Iba, &c., per 
square inch. 

R = tho external, and r = the internal radius of the 
pipe in inches, 

‘Thus for example, with a 10-inch pipe 5 inches thick, R = 10, 
andr = 5 inches: taking 8 = 7 tons, which is nearly the ulti- 
mate or broaking tensile strength of ordinary cast iron, we got 

2) 
pee) = 4-2 tons per square inch: calculating 
in this way we obtain col. 6 of Table 18, 

Again: say that with a cylinder 12 inches bore, 5 inches thick, 
and an internal pressure of 2 tons per square inch, we require 
the maximum strain on the metal or that at the inside of the 
cylinder. Then R being 11, r= 6, rule (82) becomes 
gn 2X (+6) _ 5 4 

=—jy = ge = 3°7 tons per square inch of metal, 

(83.) Tho ordinary proportions adopted almost universally by 
practical engineers for hydraulic-press cylinders, is to make the 
thickness equal to the internal radius, and it is supposed that 
those proportions will allow a working pressure of 4 tons 
square inch, or say 3 tons percircularinch. But Table 18 shows 
by cols. 5 or 6, that with ordinary cast iron these are really 
bursting pressures. It is shown in (883) that cast iron will 
sustain for years a strain very nearly equal to the breaking 
weight, but it is not safe to trust to that fact, and in most cases 
the working pressure should not exceed say half the ultimate 
preesure, or in our case 2 tons per square inch with ordinary 
iron, Many presses, however, may be found which seem to bear 
much heavier pressures than that as shown by the safety-valve, 
but as usually constructed a safcty-valve is a very unreliable 
indicator of preseure, the broadth of the conical soat being great, 
and the necting or effective area uncertain. A bettor form is shown 
by Fig. 202: the valve V is of hardened stecl formed like # 
hollow punch, the cutting edge imbeds itself in the hard gan- 
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58 THICK PIFES. HYDRAULIC PRESSES. 


metal seat and forme it own bed, giving a precise area, and 
thereby a certain pressure. Thus for } inch diameter, the aren 
=*11 inch, requiring for say 1 ton per square inch 2240 x *11 
246 Ibs, strain, and with leverage of say 20 to 1, we have 
246 + 20 = 12-3 Ibe weight on the lever per ton pressure, 
The knife-edges at A and B, also tho key K must be of hardened 
stecl, and in order to adjust the level of the levor and com- 
pensate for wear (which is a practical necessity) the upper edge 
of the key should be wedge-shaped, and at an angle adapted to 
ita seat in the slotted recess prepared for it. 

(84.) The actual load on the ram of a hydraulic press i8 not 
often known with accuracy, but in the presses used for raising 
the Conway and Britannia bridges we have more precise in- 
formation. For the Conway tube, a ram 183 inches diameter, 
or 265 square inches area, was used at each end; the gross 
weight of the tube, &c., was about 1300 tons, or 650 tons.at exch 
end: hence we have 650+ 265 = 2°45 tons per square inch. 
The cylinder was 20 inches diameter internally, and 10 inches 
thick: hence R= 20, r = 10, and the rule (82) gives 
g = 2:45 x (20° + 109) _ 
20° — 10° 
inch of metal; this being the maximum strain, or that at the 
inside of the cylinder (80). 

(85.) With the Britannia tube, the two Conway presses were 
used at one end and a large one with 20-inch ram at the other, 
Tho gross weight of the tube, &c., was about 1640 tons, or 820 
tons at cach end: then the 20-inch ram boing 814 square 
inches area, we have 820+ 314 = 2°61 tons pressure per 
square inch. The cylinder was 22 inches internal diameter and 





4-08 tons tensilo strain per square 








per square inch of metal. 

It is probable that this pressure, 2-61, and strain 4-35 tons 
per square inch, were very nearly the breaking weights, indeed 
one eylinder failed by tho bottom blowing off, which would have 
led to most disastrous results, but for the wise precaution taken 
of blocking up the tube inch by inch as it was ruised by the 


60 CYLINDERS HOOPED WITH WEOUGHT TRON. 


‘The great uncertainty as to the important data connected with 
this subject, should lead to the adoption of large diameters per- 
mitting low values for the strain 8 and pressure p. For 
example, in the case of the Britannia pross, say that the ram 
shall be 30 inches diamoter = T07 squaro inches arca, giving 
820 + 707 = 1-16 ton pressure per square inch, The cylinder 7 
might be 52 inches internal diameter, and say 5 inches thick, 
therefore R = 21 and r = 16; for strong iron of the fourth | 
melting 5 inches thick 8 = 9-08 tons by col. 10 of Table 18: 

"i 2 
then rule (81) becomes p = 2 ome vl 
bursting pressure per square inch, or double the working 
pressure, 1-16 ton; thus leaving a fair margin for con= 
tingencics, 

(89.) Another advantage of these proportions would be that 
the weight of the cylinder is reduced nearly to half, despite 
the increase in diameter ; thus with the original sizes, 22 inches 
diameter = 330 area, and 44 inches =\1520 area, hence 
1520 — 880 = 1140 square inches, the area of the annulus 
With the enlarged cylinder, $2 inches diameter = 804 area, and 
42 = 1885 aren, honce the annulus = 1885 — 804 = 581 square 
inches, or about half, 

(90.) Cylinders Hooped with Wrought Iron.”—When large 
diameters are inadmissible and heavy pressures a necessity, the 
best course is to abandon dependence on the strength of cast 
iron altogether, and to rely on wrought-iron hoops shrunk hot, 
on a comparatively thin cast-iron shell, as in Fig. 25. In that 
case, the cast-iron cylinder may be regarded as a padding 
adding nothing to the strongth of the combination, because whem 


‘tially or perhaps wholly 

ure comes on: if wholly 

1 oly restored to its primitive 

state, being unstrained either way. It is rather difficult to 
caloulate the strength ie saeaa: Leah if wo take it aa 


1 
bar-iron or § being about 25 tons por square inch by Tablo 1, 








ach <j 
metal, if the pressure had been borno, which it was not. We 
may take the ultimate or breaking tonsile strain of wrought iron 
in drawn tubes at 7 tons per square inch, which is 7 + 25-7 
= 27 or 27 per cent. only of the strength of ordinary bar 
iron. 

(93.) * Wrought-irom Gaspipe.”—Ordinary drawn wrought 
iron gus tubing is also extensively used for steam-pipes, water- 
maine, &c., where the pressure is considerable and a knowledge 
of its strength becomes important. Taking 2-inch pipe as an 


example, the thickness would be about ,4, inch: hence R = Ly, 
r =1 inch, and taking 8 =7 tons or 15,680 bs. por square 


15680 x (14* — 1) 

vt 
= 2667 Ibs. per square inch bursting pressure for constant 
steady load equivalent by (909) to 2667 x 3 = 1780 Ibs, for 
intermittent load. 

The proper value of the “factor of safety” will depend on 
circumstances, and must be fixed with judgment; for a water- 
pipe whore the pressure is not only intermittent but where the 
sudden closing of a cock may éreate heavy shocks, whose effect 
cannot be calculated, but must be provided for by the use of a 
high factor, we may i ing i 
= 178 Ibs, per squa 
safe working pressure. 

(94.) “ Lead jardino mado two oxperiments on 
ordinary drawn re pressure being obtained by a 
force pamp. One pi uternal diameter, } inch thick, 
bore without apparent alteration a head of 1000 foot of water; 
with 1200 fict it began to a and with 1400 feet, or 
1400 + 2°3 = 606 Ibs, pressure por square inch, it burst. We 
aay find from this the maximum breaking strain on the metal 


inch of motal, rule (81) gives p= 


=| 
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To find the safe working pressure we have to detormine the 
value of the factor of safety (880), which requires care and judg- 
ment: Table 137 shows that for lead with a perfectly dead 
pressure, the safe load may be } of the bursting, or the factor 
= 8, but this is seldom the case in practice; by the sudden closing 
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strength when made into chain, which is due no doubt to the 
welding process, Table 1 shows that bar steel is superior to 
bar iron to the extent of 47-84 + 26-7 = 1-86, or 86 per cent. ; 
but when welded, iron is superior to steel, 21-1 20-4 = 
1-084, or 8+4 per cent. 

When made into stud-linked chain the mean strength of steel 
by Nos. 88 to 43 of Table 21 is = 18-13 tons per square inch, 
iron being = 17-44 tons; practically, therefore, thore is little 
or no difference in the two materials. 

‘There are two kinds of chain in common use, the short-linked 
or crane-chain used for most purposes on land; and the stay 
or stud-linked cable-chain for naval purposes. 

(108.) “ Short-linked Crane-chain.”—Tuble 21 shows that the 
mean strength of crane-chain from } inch to 1} inch diametor 
is 19 tons per square inch, and it appears to be about the same 
for all the sizes betweon those extremes, A chain made of 
l-inch iron would therefore break with 19 x °7854 ~ 2 = 
29-84, or say 30 tons, and for short-linked crane-chain we haye 
the rules :— 

(104.) Mean breaking weight in pounds, w = d’ x 1050. 

tons 

(105.) Government proof-strain i in pounds, p = d? x 420. 

tons, P= d" x +1875. 
In which d = tho "diameter of the iron in 8ths of an inch, &e.: 
thus for l-inch chain we have W = 64 x -47 = 80 tons, and 
P = G4 x -1875 = 12 tons, &e.; cols. 2 and 8 in Table 22 
have been calculated by these rules, It will be observed that 
the ratio of the proof strain to the breaking weight is 1 to 
1050 + 420 = 2-5. With lifts, cranes, &c., where life is 
jeopardised, the safe working load should not exceed }th of the 
breaking weight, but for many less critical cases it may be 50 
per cent. more than that, or yiths of the breaking weight: we 
thus obtain cols. 4 and 5 in Table 22. The weights per fathom 
(or 6 feet) in col. 6, from } inch to 1 inch, were found by 
weighing given lengths; the rest were calculated from the 
1-inch chain. 

(106.) “ Stud-linked or Cable-chain."—Tablo 21 shows that 
the strength of stud-chain is not so great as is commonly 
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+ the mean of the twenty-four oxperiments, Nos. 14 
to 37 on fron chains from ~ inch to 2} inches di be 
17743 tons per square inch, or 1} ton Zesx than that of 
eranccbain. This is contrary to the current notion 
subject, but is the clear result of experiment: cablo-ch: 
however, some important advantages, principally in it 
Tishility to kink or become entangled, which for naval purposes 
is all-important: moreover it is lighter, as shown by col. 5 of 


23. 
Admitting 17-43 tons per square inch as the mean strength of 
@able-chain, we bave 17°43 x -7854 x 2 = 27-37 tons, the 
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breaking weight of I-inch’ chain: taking 97 tons for round 
numbers, we have for stud-linked chain, the rules:— 
(107) Mean breaking weight in pounds, w = d* x 945. 


(108.) Admiralty proof-strain in pounds, p 
” » ° tons, 

In which a ter of the iron in Sths of an inch: 
thus for 1-inch cable W = 64 x -423 = 27 tons, and P = 64 x 
282 = 18 tons, &c.: cols. 2 and 3 in Table 283 have been 
calonlated by these rules. 

The ratio of the proof strain to the breaking weight is 1 to 
945 +630 = 1-5, which is a very sovero tost, but it is main- 
tained that the object of testing, namely, to discover faulty 













STRENGTH OF BEMPEN ROPES. 


(110.) “Strength of Ropes."—The experiments of Captain 
Hnuddart have shown that hand-laid ropes such as are commonly 
made in small rope-works are not so strong as thoes made with 
register and press-block. He also found in the latter 
uniformity of strength among the various sizes: in the hand- 
laid ropes tho smaller sizes were proportionately stronger than 
the larger, ranging from 560 Ibs. por circular inch in 3-inch 
girth, to 421 Ibs. in the 8-inch. Those made with the register 
were neatly uniform in strongth, being = 820 Ibs. per circular 
inch in both the 3-inch and 8-inch ropes. 

From tho deterioration by age and moisture to which 
are subjected the safe working load should not exeved } of the 
breaking weight for such cases as cranes and pulley-blocks. 
But where life and limb depend absolutely on tho strength of 
ropes, as in hoists or lifts, &c., and where moreover there is 
considerable wear-and-tear by constant passing over pulleys, &e., 
the working load should not exceed }th of the breaking weight 

The proof strain is commonly taken at half the breaking 
weight, but this seems to be too high in most cases: we have 
takon it at } in Table 24, which gives tho breaking weights by 
Captain Huddart’s experiments, also the proof strain and 
working load in accordance with varying circumstances. 

Tt is frequently expedient to use two ropes of equivalent 
strength rather than one largo one, and this is commonly dono 
in the teagles or hoists used in the factories of the north of 
England. Thus, where the weight of cage and load = 30 owt, 
wo might use by col. 6, one 6}-inch, or preferably two 4J-inch 
ones, ke, 

(111) “ Flat Ropes."—The continual bending of ropes over 
pulleys is found to be very destructive, especially with small 
pulleys, and of course ropes of large size suffer the most. For 
this reason flat ropes are better adapted for such cases; their 
strength may be found from that of the round ones of which 
they are composed: thus a flat rope 14 x 6 inches, composed of 
four round ropos cach 1} inch diamoter or 4} inches girth, will 
by col. 6 of Table 24 givo a working load = 15-3 x 4= 
61 ewt,, de. 

(112.) “ Rigidity of Ropes."—When a rope passes over a 
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Taste 24.—Of the Sraencra and Weicur of Heuren Rorzs. 
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pulley, the strain upon it is not only that dae to the 

lifted, but also that due to the stiffness or rigidity of the rope 
itself, and still further to the friction of the pin. Coulomb, 
Navicr, and others have investigated this subject, and the 
following rule is based on their results :— 


Aas {esr + Com x ax 2)+(-o14978x2 xw} 


In which « = d' x 48 for white hompen rope; d= diameter | 
of rope in inches; D = diameter of pulley in inches measured 
at the centres of the ropes; W = the statical weight on the 
rope in Ibs, without motion; and w = the extra weight to over- 
come the stiffness of the rope and produce motion. | 

(114.) Thus, lot A in Fig. 26 be a pulley 149 inches diameter, 
with a rope 1 inch diamoter having equal weights W, W of 
1100 lbs, suspended on each sido, the diameter at the centres of 
tho ropes will then be 15} inches. Now, with no rigidity in 
the rope or friction of axle, the addition of the smallest weight 
to one side would cause motion, but the rigidity of the rope 
will require a considerable extra weight to overcome it; inour | 
cago :— 

{tro2s7 + (0212 x 48)] x 4s) + (-on278 xABX 1100} 

w= i = Si ibe. 


Tablo 25 has been calculated by the rule (113), col. A by 
rulo A = °014273 x «: and col. B by rule B = (0257 + 
(0212 x x)] xa. To use this Table; multiply the number in 
col. A opposite the given size of rope by the statical strain or | 
weight W; add the number in col. B und divide the sum by the | 
dinmeter of the pulley in inches, measured at centres of ropes; 
the quotiont is the extra weight w required to overcome the 
rigidity and produce motion. Thus for a rope 8 inches girth, 
or 1 inch diameter, on a 7-inch pulley, or 8 inches centres, and 
a weight of 1000 lbs, wo have from col. A, 6247 x 1000 = 
624°7, and from col. B, 41-74, from which wo obtain w = 
(624-7 + 41-74) +8 = 83 Ibs.: motion would therefore ensue 
with 1000 Ibs, at one side, and 1088 at the other, if there was 
no friction from the pin, 


b wal 














additional pulley. Say that we take the case of a pair of 4 and 
S-sheave blocks, Fig. 27, with a rope 3 inches in girth and 
7-inch pulleys, or 8-inch centres, having pins 1} inch diameter. 

Assuming 800 Ibs. on the rope 4, the extra strain for 
rigidity on the pulley r by Tuble 25 and (113) will be 
(5247 x 200)“ 4176 2) + 41°76 _ 68/1be,, snd tho tension on Ain 
rope g would be 868 Ibs, if there were not » further loss by 
friction of the pin. The weight on the pin of the pulley r = 
800 + 868 = 1668 Ibs, the friction, 1668 + 6 = 278 Ibs. at 
the surface of the pin, which is reduced to 278 x 1} +8 = 
48 Ibs. at the ropa: the tension on g thus becomes 868 + 43 = 
911 Ibs. 

Similarly, the extra strain from rigidity on the pulley p, is 


gsbae x St) re = 76 Ibe, which fneresses the strain’ 


on tho rope f to 911 + 76 = 987 Ibs.: tho weight on the pin 
becomes 911 + 987 = 1898 Ibs: friction (1898 x 1}) + 
(6 x 8) = 48 Ibe. at the rope, thus increasing the tension on f 
to 987 +48 = 1085 Ibs, &e., &e. ‘Tho strains on all the ropes 
in Fig. 27 have been thus calculated, and from that figure we 
may now obtain data for any number of pulleys from 1 to 7. 

(118.) Thus with a single pulley r, we have 800 +911 = 
+878, or say 88 per cont. of the powor utilised, hence 12 per 
cont. is lost: we should obtain the same result from the pulley &, 
namely, 1727 = 1960 = -881. 

With 1 and 2 sheaves, o, p,¥, the weight lifted at W is 
equal to the sum of the strains on the ropes f, g, h, or 1085 + 
911 + 800 = 2746 Ibs. But the mechanical power of the 
combination being 3 to 1, tho tension at e should have raised 
liz x 3 = 8531 Ibs, at W;; hence we bave 2746 + 3531 = 

+78, or 78 per cent, utilised, and 22 per cent. lost. 

With 2 and 3 sheaves, m, n, 0, p, r, the weight lifted is the 
sum of the strains on the ropes d, e, f, g, h, or 5260 lbs, but 
the weight duo to the strain of 1518 at ¢ is 1518 x § = 
7590 Ibs., hence 5260 +7590 = -69, or 69 por cent. is utilised, 
and 31 per cent. lost. 








(120.) When pulley-blocks can be co arranged that the power 
shall act upwards instead of downwards, the last pulley can be 
dispensed with and economy of power effected. For example, 
if in Fig. 27 the rope b is continued to Q, the pulley & is useless, 
all the strains on the different ropes remain as before, therefore 
the weight lifted is the same, but instead of 1960 Ibs. as at a, 
wo now require 1727 Ibs. only, the weight duo to which is 
1727 x 7 = 12089 Ibs. ; hence 8507 + 12089 =-70, or 70 per 
cant., is utilised, and 80 per cent. lost, whereas in (118) we had 
62 per cent, utilised: 8 per cent, being thus saved. 

(121) “Strength of Wire Rope.” —Wire ropes are very exton= 
sively used for winding purposes in collicrios, &c., where the 
principal objection to them, namely, their great rigidity, is 
easily overcome by the use of vory large pulleys. The breaking 
weight and safo working load of round and flat iron-wire ropes 
shown by Tablo 27 aro given by Messrs. Newall and Co.: it 
will be observed that they fix the working load of round ropes 
for inclined planes and other ordinary work at Jth of the 
breaking weight, and for flat ropes (111) used in pits, hoists, 
&e., whore life depends absolutely on the strength of the rope, 


Tarte 27.—Of the Srnnsoru of Inox Wm Rorzs. 
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+3= 
ae of Pump-rods."—By Table 1 the mean 


of welded wrought iron = 47,266 Ibe. per square 
with dead load, equivalent by the “ ration” 
in col. 3 of Table Wl to 47266 x 4 = 15755 lbs. intermittent 
Treaking weight. Table 187 gives factor of safety = 3, 
neers = 6252 Ibs. per square inch working 
“strain: taking it in round numbers at 6000 Ibs., we obtain col. 2 
of Table 28, Fig, 28 gives the form and proportions of socket~ 
joints for pump-rods, which have been found to work well in 
practice, and the table gives the sizes of socket, ke. de, for 
different diameters from { inch to 2 inches. 
Taste 28.—Of the Pnororrioxs of Socker-yorsrs for Wnovaur- 
tow Stsaun-acraxa Pumr-nons. 
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lees violent shocks from the motion of the water, the factor of 
safety = 3, by col. 5 of Table 141 becomes 3 + } = 18; 
hence we have 47266 18 = 2626 Ibs per square inch working 
Toed. 


CHAPTER Y. 
ON THE SHEARING STRALN. 


(123.) “ Single and Double Shear."—When two plates are con- 
nected by a rivet or pin, as at A in Fig. 6, and the rivet is 
severed by « tensile strain applied to the plates, we have a case 
of singlo-shearing, and it has becn found that tho strain is 
simply proportional*to the area sheared, being independent 
of the form of the pin in cross-section, whether round, 
square, &o. 

Tn Fig. 8, or at © in Fig. 6, we have two side plates and 
one central one: it is obvious that to shear the pin a double 
ara has to bo severed requiring double strain for tho double 
shear. 


Mr. E. Clark made direct experiments on the resistance of 
f-ineh rivet-iron to single and double shearing: he found that 
the 


Maimem Minioum Meus 


Singlo-shearing strain by four experiments was 

2671 23-9 ot 
fons per aquare inch. Double-shearing gave as the result of 
eight experiments -— 

22-9 26 
tons. The mean of the two = 23-12 tons per square i 
direct tensile strength of the eame iron was 24 tons, from which 
itappears that the shearing and tensile strains arc practically 
équal to one another, and this is admitted as a genoral rule: it 
requires, however, some modification us appliod to rivets in 
Joints. It appears that in the process of rivoting red-hot in the 


02 











usual way the metal is damaged and its strength reduced by the 
multreatment experienced : thus by Table 1, Mr. Kirkaldy gives 
26 tons per square inch as the mean tensile strength of rolled 
rivet-iron; but Mr. Fairbairn found it to be 22 tons only in 
single-riveted joints of boiler-plato (19); hence we have 
22 + 26 =-846, or say 85 per cent. realised; therefore 15 per 
cont. is lost by riveting hot. 

With steel rivets the loss is very great, as shown by (42); the 
tensile strength of bar steel is 47-84 tons per square inch, but 
that of stecl in riveted joints is 23-77 tons only: hence 
23-77 + 47-84 =-50, or 50 per cont. only, is realisod, and 
50 por cent. is lost by riveting hot. 

With treenails of English oak, commonly usod in ship- 
building, the shearing strain across the grain by experiments at 
HLM, Dockyard was 4000 Ibs. per square inch, and as by 
Table 79 the mean tensile strongth of oak = 12,832 lbs, the 
ratio is 8-1 to 1-0. 

(124.) “ Rectangular Bars.” — Experimenta recorded by the 
Tnstitute of Mechanical Engineers show that in shearing flat 
bars, the shearing strain is nearly the samo whether the bar ix 
flat or on edgo; thus bars } inch by 3 inches gave on tho flat 
22-3 and on edge 231 tons per square inch. Others 1 inch 
by 8 inches gave 23-1 and 22-7 tons per square inch 
respectively: in these experiments the shear blades were 
parallel. 

(125.) “ Oblique Shearing.”—When tho blades are fixed at an 
angle so a to shear a plate obliquely, the strain is less than with 
parallel shearing to an oxtent which varies with the angle of the 
blade and the thickness of the plate. Say, for illustration, that 
Fig. 29 is a blade 12 inches wide, with four stops in it, each 
8 inches wide, and B the plate to be sheared, the thickness of 
the plate and the height of the stops being } inch. Now, it will 
he observed that the steps act one after the other, thus © will 
havo done its work and passed through the plate before D begins 
to act, &e., honco the strain is }th only of that due to a parallel 
blade 12 inches wide, but of courso the travel is 4 times as 
much; therefore the mechanical power is the same in eithor 
case. Tho line E, F, G at « slope of 1 to 12h or 1 to 8 would 





86 PUNCHING RIVET-HOLES. DETRUSION. 


a force of 21°63 x 3°1416 = 68 tons, and we have for wrought- 
iron plates the rule:— 

(126.) 8. =dxtx 68. 

Tn which d = the diameter of punch, and ¢ = the thickness of 
the plate, both in inchos; 8, being the punching strain in tons = 
thus, for example, with $-inch punch and }-inch plate we obtain 
By = 3 x x 68 = 25°5 tons, 

With stoel plates the mean tensile and shearing strength by 
Table 1 = 85,977 Ibs., or 38°38 tons per square inch; hence a 
punch | inch diameter with 1-inch plate requires 88°38 x 3°1416 
= 120 tons, and we have for steel plates the rule :— 

(127.) 8,=d xt x 120. 

‘Thus for say 4-inch punch and }-inch steel plate the punching 
strain becomes 8, =} x }x 120=16 tons. Table 30 has 
been calculated by these rules. 

DETRUSION, 

(128.) This term has been applied to the shearing strongth 
of timber in the direction of the fibres. Experiments have 
shown that, Ist, This is practically tho same as the tensile 
strength perpendicular to the grain which ia given at the end 
of Table 1; and, 2nd, That both are very small and very 
variable: with 

Poplar Onk Larch Scotch Fir Memel 
the mean resistance to detrusion with the grain and tensile 
strain across the grain is :— 

1782 2316 1335 562 690 Ibs. 


per square inch. Taking the ordinary mean tensile 
strength at 


7200 12,832 9560 12,200 15,370 Ibe. 


per square inch, we have the ratios :— 

40 a3 Tr. 21-7 82-8 to 1-0 
In practice, simple detrusion is easily avoided by bolts through 
the bar, hence the great weakness of some kinds of timber to 
that particular strain is a matter of small importance. 





CHAPTER VI. 
ON THE CRUSHING STRAIN. 


(129.) We are indebted to Mr. Hodgkinson for almost the 
whole of our exact knowledge of the strength of materials in 
resisting crashing strains, and from his experimental inveatiga- 
tions we obtain the following laws :— 

Ist. That for specimens whose height is between 1} and 3 
times the diameter or side of square, the crushing strain is 
simply proportional to the arca. 

2nd. In that case tho plano of rupture is inclined st an angle 
with the base, and therefore with the axis, which angle is con- 
stant for the same material, bat is different for different materials. 

Srd. That for heights less than 1} ‘times the diameter, the 
crushing strain becomes greater irregularly with the reduction 
in height (130). 

4th. For very great heights, the specimen becoming a ile 
of considerable Jength in proportion to the diameter, fail 
fakes place by lateral flexure, with a load very much lees than 
that necessary to crush the material (806). 

Sth. For intermediate heights, the pillar fails with an inter- 
mediate Jowl, partly by flexure, and partly by incipic 

(2638). 7 

(180.) “Cast Tron." —The effoct of boight is well il 
by some experiments by Mr, Hodgkinson on cyli 
diameter, the heights being 

+ + ' + z My 2 

6 125 WS 108 105 105 97 
fons; the equivalent strains per square inch wore 

OS SS 60 550 SS 33 
tons. It appears from this that whon the 
diamotor the resistance to crushing is 65 
8-2 per cont. greater than when the height is between 1 sak 2 
with dinmeter 1-0, 
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(181.) Table 31 gives the goneral results of Mr. Hodgkinson’s 
experiments on the crushing strength of cast-iron cylinders _ 
j inch diameter; those in col. 1 were 1} inch in height, or 
doublo the dinmeter; those in col. 4 were } inch high, and 
they show an excess of 5-8 per cent. over those in col. 1. 

‘Most of the old experiments on the resistance of materials to 
ernshing by Rennie, Bramah, and others, were mado on eubes, 
and it has been objected that this fact vitiates their results, but 
we have seen that in cast iron at least the difference is from 
3°2 to 5-8 per cent. only, so that the earlier experiments on 
cubes may be accepted as correct enongh for practice. 


Tanx 31.—Of the Texsue and Crusimso Sraexora of Case 
Inox, in Tons por Square Inch. 
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No 22nd | 8 
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every part of the cross-section is equally strained or nearly #0, 
but in a beam the strain is a maximum at tho edge of the section, — 
and is supposed to diminish in arithmetical ratio toward the 
neutral axis, where it becomes nil, as shown in (494) and 
Fig. 164. But when a wrought-iron bar is deflected by the 
transverse strain, the fnalleable nature of the metal causes it to 
yield so much under the maximum pressure at the remote edge 
that heavier strains aro thrown on the rest of the section. For 
example, Fig. 30 is the section below the neutral axis of a bar 
of any material whose maximum resistance to crushing at 
A = 19 tons per square inch, therefore 9} tons at B, 4} at G, 
&e., the mean of the whole being = 9} tons. Let Fig. $1 bea 
kimilar beam where the maximum = 24 tons, é&o., the mean of 
the whole being 12 tons. Now let Fig. 82 be another beam 
whose resistance at B = 144 tons; if, therefore, the resistance ix 
proportional to the distance from the neutral axis, it should be 
29 tons at A, but if we allow that the motal there compresses 
excessively, as in diagram, Fig. 215, until it is reduced to 19 tona, 
we then have a double series of strains as in the figure, the 
mean of the whole being 12, as in Fig. $2. It will now be 
observed that Fig. $2 gives the same mean crashing strain with 
19 tons maximum, as Fig. 31 gave with 24 maximum; the 
apparent maximum strain in Fig. 32 is 24 tons, although the real 
maximum = 19 tons only: soo (504), 

In confirmation of this reasoning it should be observed that 
with cast iron, which maintains comparative uniformity in its 
compression under crushing strain, as shown by the diagram, 
Fig, 215, the crushing strength is the same in pillars as in beams, 
namoly, 43 tons per square inch. 

(134) “ Timber." —Tablo 32 gives Mr. Hodgkinson's experi- 
ments on the crushing strength of various kinds of timber: the 
results in col. 2 were a mean of about 3 experiments on cylinders 
1 inch diameter and 2 inches high, with flat ends, the 
woods being moderately dry or in the ordinary state. Col. I 
were specimens turned to the sizes and kept arying i in a warm 
place for two months: tho longths of these specimens were in 
game cases l inch only, being equal to the diameter, which wonkd 
inercase the strength a little (129). 
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‘Tame 82.—Of the Sreexota of Tiweex to Resst Cavenrse 
‘Sreanss, in Lhs, and Tons per Square Inch, 
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‘The effeet of tho drying process on most kinds of wood is to 





CRUSHING STRENGTH ; STONE, ETC. 


‘TanLe 33.—Of the Sraxsorn of Sroxs, &c., to Reatst a Ceusanse 
Sraars in Lbs and Tone per Square Inch. 


Rind of Stone, fe, 





Granite, Herm .. « | 16,240 
Dartmoor 2... | 14,498) 
Peturhead, Red. 
‘Aberdeen, Blue .- 
Peterhead, Blue. . 
Penrliyn 2. es 
Peterhesd 2. 
Cornish 
Aberdeen, Blno . 

‘Cmglcith (Sandstone) 


Portland (Oolite) 
Parbock 


York ee ‘Bandstane). | 
» Cromwell Bottom 
Humbio (Sandstone) 
Whitby a 
Marbla, White Italian 7 
Veined F 
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Stato, Valentin 2 | 13,87: 
Bramley Fall Sandstone » G 

Limestone, compact .. 2. 
Derby Grit... 1 aut) ) 8y744) 
Gloss -. $8)825, 20,775) 30 047) 
Portland Coment, neat 30) i 2,488 2,074) 2,264 
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CRUSUING STRENGTH: CEMENT, Etc. 
Tate 33.—Of the Sraxxorn of Stoxs, &e.—continued, 
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(135.) “Stone, de."—Tablo 83 givos a summary 
monts on the crushing strength of stone: those | 
on cubes from 4 to 6 inches square, and were obtain 
af a 12-inch hydraulic press, with which very accurate results 
could hardly be expected (88); however, they are perhaps correct 
enough for practical purposes. 





STRENGYR OF PILLARS: THEORETICAL LAWS. 


CHAPTER VIL 
ON THE STRENGTH OF PILLARS. 


(186.) * Theory of Pillars."—Tho theory of the strength of 
pillars will bo most easily understood by analogy with the 
transverse strength and stiffness of a beam of the same sizes’ 
and material. In Fig. 33 let A bea beam 10 feet long eup- 
ported at cach end and deflected 4 foot by a central load w = 
20 Ibs: now obviously, if that load is removed, the clasticity of 
the beam will cause it to react with a force of 20 Ibs. in the 
direction of the arrow B, and the question becomes, what 
horizontal forees in the direction of the arrows O,C will 
counterbalance the vertical strain B, 

Let D, E, in Fig. 84 be two rods similar to A in Fig. 83 and 
resting on the plane f: for the purposes of illustration we may 
suppose them to be jointed by pins at a, b,¢,d. With a vertical 
load of 200 Ibs. at W, we have to find the horizontal strain at 
¢,d; by the * parallelogram of forces”: drawing the 
lines a ¢, ¢ b, ad, d b, we obtain @ parallelogram, and, as is well 
known, the ratio of the length of the vertical diagonal a 6, to” 
that of the horizontal one ¢ d, is also the ratio of the vertical 
strain to the horizontal strain. Thus, in our case, the vertical 
strain being 200, we divide a b into 200 equal parts and thus 
obtain « scale, which upplied to ed, gives 20 Ibs. ux the hori- 
zontal strain on that line, that is to say, a Saltor’s balance 
between ¢d, showing a strain of 20 Ibs, would support the 
vertical load 200 Ibs, 

In Fig. 35, the two pillars aro separated simply for the 
purpose of analysis, and we have two similar pillars F, G, &c., 
each loaded with 100 Ibs., or half the former load. The strain 
shown by the Salter's balance at cd, acted in both directions, 
therefore substituting weights w, 1, as in Fig. 85, we shall 
require 20 Ibs, for each. We thus find that a beam, as in 
Fig. 88, 10 foot long, deflected 4 foot by 20 Ibs. will, whom 
unloaded, react with 20 Ibs., aud cause a horizontal strain of 
100 Ibs, in the direction of the arrows ©, O, and as shown at 
W, W in the figure. 
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(187.) From this we obtain a general law connecting tho 
Yertical with the horizontal strains, and we find that if we take 
s bar of any given length resting on end-sapports, and observe 
the central deflection with a certain transverse central load, wo 
ean calculate the equivalent load acting longitudinally and 
straining the same bar as a pillar by multiplying the transverso 
Toad by the length of the beam, and dividing the product by four 
times the deflection. Thus, in our case, 20 x 10+ (k x 4) = 
100: hence we have the general rale:— 


(238.) W=wexl+(6x 4). 
Tn which W = the load on the pillar in Ibs, tons, dc. 
go = the transverse load in tho centre of tho same 
bar and in the samo torms as W. 
6 = the deflection in inches produced by iw. 
1= tho length of tho pillar and beam, in inches. 
ee ) As an example of the application of the rulc, we may 
& pillar of Dantzic oak, say 1 inch square and 12 inches 
ba ‘Mr. Hodgkinson gives as the result of his experiments 
the rule 24542 x S*+ L* = W for pillars of that material with 
both ends fiat. Here 24,542 Ibe. is the thooretical breaking 
weight of » pillar 1 inch square and 1 foot long, as due by 
Nettie. iaplonting incipient crushing (163). Now, by Table 67, 
& berm of Dantzic oak 1 inch square, 1 foot between supports, 
Toailed transversely with the safe or working load of 71 lbs., 
deflects -026 inch, which by our rule (138) is equivalent to 
71 x 12+ (-026 x 4) = 8192 Ibs. longitudinally, straining 
the bar as a pillar, this strain being in tho contro lino, or the 
pillar ig tered both ends pointed, and is that duo to flexure only, 
as in Mr. Hodgkinson’s rule, By (149) wo obtain for the 
eae villas «ith both ends flat $192 x 3 = 24576 lbs, which 
is almost exactly 24,542 lbs. as given by Mr. Hodgkinson. 
(140.) But it will be observed that we have taken the safe 
transverse load of 71 Ibs.,and the corresponding deflection, 
‘whereas Mr. Hodgkinson’s rule gives tho breaking weight, It 
is, however, s theoretical law with pillars, that a load which 
will produce the smallest deflection will equally produce a 
greater, sufficient to break tho pillar by flexure. 
‘Thus, let us take a beam of any material whoso clasticity ig 
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perfect, that is to say, one in which the deflections are si 
proportional to the strains, and say 5 feet or 60 inches long, 
deflected 1 inch by 10 Ibs. in the centre:—then by the rule 
(188) the equivalent load as a pillar will be 10 x 60-(1 x 4) 
= 150 lbs. It would be the same with any other transverse 
load and corresponding deflection ; for instance, with 20 Tbs. in 
the centre, the deflection would evidently be 2 inches, and W 
would be 20 x 60+ (2x 4) = 150 lbs. as before. If we take 
an extremely small deflection, say yqlyyth of an inch, the 
transverse load producing that deflection would evidently be 
rhoth of a ponnd, and the rule would give -01 x 60> 
(-001 x 4) = 150 Ibs. as before. 

(141) This fact conducts us to two remarkable laws :—Ist. 
As the smallest possible deflection of this pillar requires a 
longitudinal strain of 150 Ibs, to produce it, it follows that 
Jess than 150 Ibs. would not produce any deflection whatever, 
but the pillar would be perfectly rigid and unyielding until 
that load was laid upon it. 2nd. That as 150 Ibs. will with 
equal case produce a deflection of yyygth of an inch—or 1 inch 
—or any other amount, it follows that when 150 Ibs, are laid 
on, the pillar will not only bend, but will go on increasing in 
flexure until it breaks. 

(142.) Such is the thoory; Mr. Hodgkinson found, however, 
by experiments on various materials, that these laws do not 
hold good in practice, and that instead of a pillar showing no 
signs of bending until a certain load is laid on, and then 
snddonly bending and breaking, he found that there is no 
weight, howover small, that docs not produco a slight flexare, 
which increases progressively as the load is increased until the 
hreaking-point is attained. 

(148.) Another 


in. For instance, a pillar of Dantaic 
oak 1} inch square, 4 feet long, broke with a deflection 
of *48 inch only. Calculating the ultimate deflection with a 
transverse load by the rul: (696) and taking the value of M 
from col. 2 of Table 67 at -198, we obtain 5-04? x 198 = 1-75 
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by the rulo in (138) the equivalent longitudinal TP asa 
pillar will be 10 x 120+ (8 x 4) = 87-5. Ibs, which is Jth 
of the load borne by tho pillar 5 feet long. Again, the defieo- 
tion of a beam of half the length, or 30:inches, would, by the 
same reasoning, be } inch, and the strength as a pillar 10 x 30 
+ (4 x 4) = 600 Ibs., which is four times the strength of the 
5-foot pillar, and 16 times the strength of the 10-foot pillar. 
We thus find that the strength of pillars is inversely propor- 
tional to the aquare of the length :—thus with lengths in the 
ratio 1, 2, 4, the strengths are in the ratio 1, }, ye. 

(146.) Searching now for the power of the diameter (or side 
of square pillars) :—say we take a beam 5 feet long, loaded as 
before with 10 Ibs. &c., but 2 inches square. Then, by (659), 
the deflection with a constant transverse load is inversely as 
d@ x b, or in onr case, 2° x 2. = 16, hence tho deflection of the 
1-inch beam, being 1 inch, that of the 2-inch beam will be y,th 
of an inch, and the strength as a pillar 10 x 60+(), x 4) = 
2400 Ibe., which is 16 times 150 1bs,, the strength of a 1-inch 
square pillar of the same length. 

Again, with a beam of the same length, but 3 inches square, 
wo have 3’ x 8 = 81, and instead of I inch deflection, as with 
a beam Linch square, we have ,yst purt.of an inch with the 
B-inch beam, and the strength as a pillar bocomes 10 % 60> 
(a x 4) or 10 60 x 81 +4 = 19150 Ibs,, which is 12150 = 
150 = 81 times the strongth of the same pillar with a length of 
1 foot. We thus find. that the strength of pillars is directly 
proportional to the fourth power of the diameter, or side of 
square, for 1*, 24 and.3* = 1, 16, and 81, and this, as we have 
shown, is the ratio of the strengths of the pillars of those 
respective sizes, 

(147.) Combining these results we find that the strength of 
pillars is proportional to d‘+- L*, By the same reasoning the 
strength of rectangular pillars will be proportional to d* x 6 = 
L’, in which dis the depth, or smaller dimension and b = the 
breadth or greater dimension of the pillar, 

‘These theoretical laws should be correct for all materials, 
but the experimental researches of Mr. Hodgkinson have shown 
that timber pillars alone follow those laws exactly. Thus, with 
cast-iron pillars, he found the strength to be proportional to 








CAST-IRON PILLARS: RULES FOR. 101 


la which P = tho breaking weight of the pillar by flexure 
in Ibs, tons, &o,, dependent on My. 
D = the dinmoter of the pillar at the centre, in 
inches. 
I. = the length of the pillar in feet. 
M, = constant multiplier, the value of which is given 
in Table 34. 


Tante 34.—Of the Vatve of Mr, being the Taronerican Baeaxise 
Wetoer or Prrtans, 1 Foot long. 
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(156) “Hollow Cost-iron Pillars," —Wor hollow pillars, in- 
stead of D®*, wo have D** — d, in which D = the external, 
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have a cast-iron pillar 6 inches diameter externally, and 
5 inches internally, therefore } inch thick, and 14 fect long, 
with both ends flat, 

From Table 34 the value of My = 44°19, say 44 tons; from 
Table 85, col. 4, the value of 6"* = 633, and of 5'* = 328; 
from Table 36 we obtain 88-8, say 89, for the value of L*? or 
14%, Then the breaking weight by flexuro by rule (157) 
becomes 44 x (633 — 828) + 89 = 151 tons, which being duo 
to flexure only, will require correction for incipient crushing as 
shown by (168). Table 87 gives the breaking weight of solid 
and hollow pillars of cast iron from 14 to 12 inches diameter, 
and from 5 to 20 feet long, calculated in the way we have 
illustrated, the result being there entered as due to flexure, 
which is corrected for incipient crushing in the next column 
when necessary. The broaking weight duo to flexure is thus 
given separately in order to adapt the table to conditions other 
than those where the pillar is flat at both ends: thus, the 
pillar which we have found to have a strength of 151 tons 
when both ends were flat, would bear only 151 + 3 = 50 tons 
with both ends rounded, and 50 x 2 = 100 tone when one end 
is flat, and the other rounded, &c., correction being made for 
incipient crushing in all cases where necessary (163), 

(161.) Table 88 gives a selection of all the more important 
experiments of Mr. Hodgkinson on solid and hollow pillars of 
cast iron, and in order to show the correctness of the rules in 
(151), col. 9 has been calculated by them, the value of Mp 
being taken from Table 34, In col, 7 these results are cor- 
rected where necessary for incipient crushing by the method 
explained in (163), the valuo of C, or the crushing strain 
being taken at 49 tons, or 109,760 lbs. per square inch, this 
being the strength of the particular iron used by Mr. Hodgkin- 
son, as found by him from direct experiment. The mean 
crushing strength of British cast-iron is 48 tons, as shown in 
(182), and this value should be used in ordinary cases, In 
col, 8 we have given the error or difference between tho 
calculated and experimental results:—the sum of all the + 
errors is 163, and of all the — errors, 141-7; hence we have as 
a general average result of the forty experiments (163 — 141-7) 
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= 40 = + 0-532, or } por cent. only. It will also be observed 
that the ronge of the error is nearly equal, the greatest + 
error being + 19-8, and the greatest — error is — 22°1 per 
cont. (959), 

(162.) As an example of the application of the rules in (157) 
to cases where exact results aro required, as in Table 38, we 
will take No. 35, in which D = 2-01 inches, d = 1-415 inch, 
and L = 7°395 feet. We require logarithms for working these 
rules; then for D’* we have, log. of 2-01 = 0-303196 x 3-6 
= 1-091505, the natural number due to which, or 12-35, is the 
8-6 power of 2-01. Similarly, for d’“, wo have log. of 1-415 
= 0-150756 x 3-6 = -542721, the natural number due to 
which, or 3°49, is the 3°6 power of 1-415, For the 1-7 power 
of L, we have log. of 7-395 = 0-868938 x 1-7 = 1-477194, 
the natural number due to which is 30. The value of My from 
‘Table 34, for pillars with both ends flat, us in our case, is 
99,000: with theso duts, the rulo in (157) gives 99,000 x 


(12-85 — 8-49) 30 = 29230 Ibs. as in cols. 9 and 7; cor 
rection for incipient crushing not being necessary in this case. 


INCIPIENT ORUEHING, 


(163.) If we calculate the strength of a sorics of pillars with 

& progressively diminishing length, the calculated strain in- 
creases as the length is reduced until it eventually becomes 
greater than the absolute crushing strength of the material. 
Sprionsly, the pillar cannot sustain a load greatcr than the 
crushing strain due to the area of the section :—there is there- 
fore a limit to the shortness of pillars, beyond which the rules 
fn (151) do not apply without correction. It might be supposed, 
that down to n certain length, the pillar would break simply by 
flexure with the strain given by the rules, and that with any 
Jength less than that, the breaking weight would be simply tho 
eee een duo to the area of the section and the specific 
strength of the material, irrespoctivo, therefore, of any further 
reduction of length. But Mr. Hodgkinson found that long 
before that length was reached there was a falling off in the 
strength of long , and he was led to the following 
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‘Taste 38.—Of Exeenmtexts on Soup and 


Form of Rnds. 
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reasoning as to the cause.. Considering the pillar as having 
two functions, one to support the direct crashing weight, and 
the other to resist flexure; when tho pressure necessary to 
break the pillar is vory small bocause of its great length re 
proportion to its diameter, then the whole strength of 
material may be considered as employed in resisting flexure. 
Whon the breaking weight is half of that required to crush the 
material, one half only of the strongth may bo considered as 
available for resistance to flexure, the other half being em- 
ployed in resisting crushing. When, through the shortness of 
tho pillar, the breaking weight is nearly equal to the crushing 
strain, we may consider that no part of the strength of the 
pillar is applied to rosist flexure, &c. It was found by experi- 
mont, that when the load on a pillar was } only of the crushing 
strain, there was a sensible falling off in the strongth as 
calculated by the rules in (151), duo therefore to “Ineipiont™ 
rather than absolute Crushing. 

As the combined result of reasoning and experiment, Mr. 
Hodgkinson gives the rule :— 


(164) Po=F x O,+(F +3 C,) 


In which F = the breaking weight by flexure as due by the 
rules in (151) (156), ko. 
= tho crushing strain due to the area of the 
section and the specific strength of the 
material. 
P, = the reduced actual breaking weight; all in 
the same terms. 


This rule requires some caution in its application; where F 
is loss than C,, the effect of it would be to make the cal- 
culated strength greater than F. Now, the strength of a pillar 
can never be greater than is due to flexure, hence there is a 
limit beyond which the rule must not be applicd :—when F is 
exactly 4 OC), the of the rale is nil: when F is greater 
than } C,, the 51 nd will reduce the caleulated 
strongth of the pi as duo by flexure:—when F is loss than 
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40, the rele will give the erroneous result of making P, 
greater than F. 

‘Thus, say C, = 80 and F = 20, or exactly } C,; then, 80 x 
*75 = 60, and the rule (164) gives P, = 20 x 80-+ (20 + 60) 
= 20, or the came yaloo as F, the effect of the rule being nil. 
Again, say ©, = 80, F = 10, then P, = 10 x 80 +(10 + 60) 
= 11°43, which is greafer than 10, or the value of F, and is 
imposible, showing that the rale has boon applied in a case 
‘where it was not admissible, Again, say F = 30, and C, = 80 
as before:—then the rule gives P, = 80 x 80 + (80+ 60) = 
26-67 tons, which is less than 30, the value of F, and is a 
correct result. 

(165.) We may now search for thy lengths of pillars, with 
which the correction given by this rule becomes nil, which will 
happen when the length is such that F or the breaking weight 
by flexure is  C,. 

‘The mean crushing strain of cast iron is 43 tons per square 
inch ag given in (132); a pillar 1 inch diainetor will bo crushed 
with 43 x -7854 = 33-73 tons, and the required length of 

will be that which breaks by flexure with 83-77 +4 = 
$44 tons. For pillars with both ends pointed, tho value of My 
as given by Tablo 34, is 14-73 tons, and the rule (154), namoly, 
L = *¥ (M, x D** + W), bocomes in our case (14-73 x 1 + 
8-44)" = 1-387 feet, or 16-64 inches. Tho length with 
which the correction becomes nil is therefore in this case 16°64 
times the diameter. Similarly, with one end fist, and the other 
pointed, the value of M, being in that caso 29-46 tons by 
Table $4; wo have (29-46 x 18-44)" = 2-086 fect, or 
25 inches, the length being thus 25 times the diameter. With 

ends flat M, = 44-19 tons, and the length comes out 

“19 % 18-44) Y = 2-648 fect, or $1-78 inchos, the 

ing thus 31-78 times the diameter. 
1.) Mr. inson, adopting 49 tons per square inch ax 
ing strain of the particular iron uscd in his experi- 
the length at 15 times the diametor for pillars 
pointed, and 30 times the diamoter in thoso 
flat. 
‘are, however, not constant for all diameters, as is 
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shown by Table 39, which has been calculated for cast-iron 
pillara by the rule:— 


(167.) Ly = "(Mp x D*+40,) x 12D. 


Tn which L, = the length in terms of the diameter with which 
correction for incipient crushing is nil; O, = the crushing 
strain due to the arca of section and the specific crushing strength 
of cast iron, or 43 tons; My = the multiplier for pillars, given 
by Table 84; and D = the diameter in inches. This table 
shows that the ratio of length to the diameter is reduced as the 
diameter is increased, in the case of cast iron considerably, and 
still more so with wrought-iron pillars (202). 


‘Taste 30,—Of the Lexorm or Crupurcan Pu.tans, in terms 
the Diameter with which correction for “ Incipient Crashing’ 
becomes nil, 
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(168.) Asx an example of the application of the rule (164) we 
may take the pillar 6 inches diameter, } inch thick, and 14 foot 
long, which we found in (160) to break by floxure with 151 tons. 
By a table of areas, 6 inches = 28°3,and 5 inch = 19-6, hence 
the area of the annulus = 23-3 — 19-6 = 8-7 square inches, 
and the mean crashing strength of cast iron being 48 tons per 
square inch (132), we obtain 8-7 x 43 = 374 tons for the value 
of ©, and 374 x } = 280 for 2.0; Thon tho ralo (164) 
becomes P, = 151 x 874+ (151 + 280) = 131 tons, tho 
reduced breaking weight. 

169.) Me fact (164) that the correction for incipient crashing 
is necessary for those cases only where F ix greater than } C,, 
supplies an easy method of finding beforehand whore it is 
required, 80 ag to save the Iabour of going through the whole 
eulculation, Thus, taking No. 84 in Table 38, col. 10 gives 
148,000 Ibs. for the value of C,, then $0, becomes 148000 + 4 

= 87,000; by col. 9, F = 19750 lbs, which is leas than } , 
therefore the correction for incipient crashing is not necossary, 
anid the breaking load of the pillar is simply that due by 
flexure. Again, in No. 40, col. 10 gives C, = 38690 Ibe., } Cy 
becomes 38690 = 4 = 9672 Ibs., but F by col. 9 is 141,060 Ibs., 
which being greater than } ©,, requires correction by the rule 
in (164) by which we obtain 32,100 Ibs. for the reduced breaking 
Joad, us in col, 7. 
The effect of the application of this rule is in some cases 
great: for instance in Table 55, No. 9, col. 9 gives 
10,750,000 Ihe. for tho value of F, but P, = 79880 Ibs. only by 
col. 7, or eth of F. 

‘Tho role for incipient crushing applies not only to cast-iron 
Pillars, bat equally to all other materials. It is uscd for 
wrought i iron, steel, and timber in Tables 44, 57, and its correct- 
ness is proved by the general agreement of the calculations 
with the experimental results as shown by (959) and Table 150, 
that agreement being to a great extent due to the uso of the 
rule, 


(170.) “ Square Pillars of Cast Iron.” —It is shown in (359) that 
the theoretical ratio of the strengths of square to round bars, 
either ag pillars or beams, is 1-7 to 1°0, but the experimontal 

1 





ratio for beams of cast iron is 1-5 to 1-0 (361), and we might 
suppose that the same ratio would apply to pillars also, but the 
experiments we have seem to show that the theoretical ratio is 
more correct, Admitting the theorctical ratio 1-7 to 1-0 we 
obtain for square and rectangular pillars the modified values of 
M; in Table 34. Putting 8 for the side of the square and the 
rest as in (151), we have the following general rules for the 
resistance of square pillars of cast iron to flexure, irrespective of 
incipient crushing (163). For solid square pillars:— 

(71.) P= M,x 8*+1'7. 

(172.) 8="Y (F x L'?= My). 

(173) L="Y (M, x 8*+ 
Tn which S = the side of the square pillar, and the rest as in 
(155). For hollow pillars these rules become 

(174.) F=M,x (S*- #)+L'. 

(175.) (8 - 8") =F x Lb’ =M,. 

(76) L=*y {Mex (S**— #9) =F}, 

In which § = tho sido of the square externally, s = the side 
of the square internally, and the reat as before, in (155). 

(177.) “ Rectangular Pillars of Cast Tron."—A rectangular 
pillar, other than square, will fail by bending in the direction of 
its least dimension, and in that caso, tho strength will be simply 
proportional to the breadth or greatest dimension. For long 
pillars failing simply by flexure, the rules become :— 

(178.) P= Mpx @* x b+. 

(179.) t= ty {Fx L'= (My x bh. 

(180,) b= F x L'7= (Mx f%, 

(181.) x Ox b+F). 

In which ¢ = the thickness or least dimension of » rectangulur 


or greatest dimension of a rectangular 
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Thon Mp being as before = 75, and 18"? = 131-1 by Table 26, 
we have 15 x 181°1+ (75 x 9) = 2-913, the nearest number 
to which in ool. 3 of Table 85 is 2°87, which is opposite 1} 
inch, the thickness required, &e. 

(185.) “ Caat-iron Pillars of 4 Section.” —This form of pillar 
is commonly used for the connecting-rods of large steam-engines, 
and not unfrequently for carrying the floors of warchouses. 
The strength of such pillars may bo found by a modification 
of the rales for rectangular pillars in (177). Let Fig. $8 be 
the section of such a pillar 8 x 8 inches, { inch thick, 15 feot 
long, with both ends flat; assuming that the pillar will fail 
by flexure in the direction of the arrow B, we bave virtually 
tiro pillars, ono a, a, forced to bond in the direction of its larger 
dimension, flexure in the contrary direction being prevented by 
the ribs c,c. We have in that case ¢ = 8 inches, and’ = finch; 
the other pillar ¢, ¢, will bend in the normal direction, or that 
of its smaller dimension, £ being { inch, and b = 8 — 
= 7} inches, 

(186.) By col. 3 of Table 35, 8 = 928, and 7** = -707; 
by Table 86, 15'7 = 99°8, and by Table 34, M,)=75. Then 
for a, a, we have 223 x 1 = 195, and for ¢, c, -707 x 77125 
= 5:—the sum of the two is 195 + 5 = 200, and it will be 
observed that ¢, ¢, adds only 2} per cent. to the strength, being 
5 ona total of 200 (243), Having thus found the combined 
value of " x b = 200, the rule in (178) becomes F = 75 x 200 
+ 99-8 = 150 tons, the breaking weight by flexure. In order 
to ascertain whether correction for incipient crushing (168) ia 
necessary, we find the area of the section to be 15°23 square 
inches, and the crushing strength of cast iron being 43 tons per 
square aes comes 15+28 x 48 = 655 tons, hence 

or 160 tons, being Jes than } C,, the cor- 
Feetion BS incipient « ig is not necessary in this case (169), 
the correct breakin; of the whole pillar is that due by 
flexure sim iy, or 150 tons. 

(187.) We found in (186) that the cross ribs ¢, ¢, contributed 
only 2} per cent, to the strength of the pillar Fig. 38, hence 
there would be no appreciable error if wo omit them altogether 
in calculating the strongth, which then becomes simply that due 
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the pillar a, a, forced to bend in tho direction of its largor 
Table 40 bas been calculated on that principle. 
is true for those cases only where the length of 
is so great that it fails by flexure only; with short 
nets for incipient crashing, the cross 

share of resistance to the load. 
b chert that the breaking woight of a roct- 
Tike a, a, breaking by flexure in the direction of 
dimension, will be simply proportional to its thick- 
being the same ; for instance, in Fig. 38, the 
when } inch thick being 160 tons, with jf; inch 
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(188.) “ Relative Strength."—Tho fact that nearly half the 
soction of a + pillar goes fur nothing, will prepare us to find 
that this form of section is very uneconomical as compared with 
# cylindrical pillar of the samo diameter, and area of section, 
‘Thus « pillar 8 inches external and 6§ inches internal diameter 
will have an area of 15-8 square inches, or practically the 
same ag that of Fig. 88, which we found (186) to be 15-23 
square inches, Then from Tuble 35, 8°* = 1783, and 6g** 
= 904, and M, boing 44°19, the rule in (157) gives 44-19 > 
(1788 — Y04) + 99°8 = 880 tons breaking weight by flexare, 
This, however, will require correction for incipient crushing by 
the rule (164); C, = 15-8 x 43 = 680 tons, hence } C, = 510 
tons, and the rule P, = F x Cy (F-+ } C;) becomes 380 x 
680 — (380 + 510) = 290 tons, which is nearly double 150 tons, 
tho breaking weight of a + pillar of the kame weight of metal 

This ratio, however, is not constant; with a great length, 
such that both pillars would fail by flexure simply, the ratio in 
our case would be as we have seen, 380 to 150, or abont 2} to 1; 
with a length of 15 fect, 2 to 1; as the length is reduced the 
ratio approaches equality, and with very short pillars in which 
the strength is governed almost exclusively by rosistance to 
erushing, the two kinds of pillar become practically equal. 

(189.) Mx. Hodgkinson made an experiment on a pillar of 
section 8x 3x “48 inch thick, Fig. 86, the length being 
7-562 foot, and both ends pointed; the breaking weight was 
17,578 lbs, Calculating as in (186), and taking M, at 56,100 
Ibs. from Table 34, we have for a, a, 3* = 17-4 by Table 85, 
then to find L'?, we must uso logarithms. The log. of 7-562 
= 0-878687 x 1-7 = 1-4936829, the natural number due to 
which, or 31°17, is the 1*7 power of 7-562 :—then 56100 x 17-4 
x *48 + 31-17 = 15085 lba. For ¢,c, we havo to find -48"*; 
the log. of +48 = 1-681241 x 2-6 = 1-1712266, the natural 
number due to which, or -1483, is the 2-6 power of -48; then 
b=8 — -48 = 2°52, and the rule becomes 56100 x «1483 i 
x 2°52 + 31-17 = 673 Ibs. The sum of the two, or 
16035 + 673 = 15708 Ibs., is the breaking load of the entire 
pillar, which is 10-6 per cent, less than 17,578 Ibs., the experi- 
mental brouking weight, 













It should be observed that the rule supposes that the thickness 
of the ribs and the heavy mouldings with which the corners are 
filled in, are of the proportions usually adopted in practice and 
as shown in Fig. 87. 

(192.) “ Casl-iron Pillars of X Section.” —This form of pillar 
ix sometimes used for stanchions: thoir strength may be calea~ 
lated on the sume principles as those of + section. Mr. Hodg- 
kinson made an experimont on the pillar of the section shown 
by Fig. 39, the length was 7-562 feet, both ends pointed, and 
the breaking weight 29,571 Ibs, the pillar breaking by flexure 
in the direction of the arrow ©. Neglecting the middle web, 
as having very little influence on the result (187), we have 
simply to calculate for a rectangular pillar 3 x *7 inches 
forced to fail by flexure in the direction of its larger dimension, 
hence, using the rule in (178) ¢= 8 inches and } = *7 inch, 
and 8" being 17:4, we obtain 56100 x 17:4 x -T7T+ 81-17 
= 21925 Ibs., which is 25-8 per cent. less than 29,571 Ibs, the 
experimental breaking weight. 

It should bo observed that the thickness of the metal in 
Fig. 89 has been calculated. Mr. Hodgkinson did not give that 
dimension unfortunately, but he states that the area of the eross- 
soction was the same a& that of the + pillar in (189); if we 
assume the thickness to be uniform all over, we obtain of 
necessity “35 inch, as in the fi 

It is possible that the thinness of the metal in thess eases (981) 
may be the reason for the excess of strength shown by the 
experiments; this appears to be the more probable from the 

-85 inch thick gave a greater excess than — 
“48 inch thick. Tho difference although considerable 
is not of practical importance, being covered by the * fuctor” of 
safety (880); moreover the error is on the side of snfety, calen- 
lation giving in both casos, tho breaking weight less than by 
experiment. 

(193.) “ Cast-iron Steam-engine Columns." —A common arrange- 
ment for beam engin shown by Fig. 41, in which a ores 
entablature A is built into the side walls, and is supported by 








‘Tablo 43 has boon calculated by the rule, and the aj n 
depth of the cross-entablature is given as calculated by the rule 
in (953). 

Tavtx 43.—Of the Arrnoxnrar® Stars of Covusxs and Deere of 


Cnoss-Exrannarons for Bram Exaixes: two columns to each 
Engine, ag in Fig. 41. 


Length of Column tn Feet. 





Dept of 
ita 10 | 12 4 | 16 | 15 | 20 | 22 





Diameter of Columns at the fam, iu Imcbes. 




















‘Nor.—The diometor wt the top should be zt of the diameter af the Buse. 


(196.) * Wrought-iron Cylindrical Pillars." —The s\ 

pillars of wrought iron is directly proportional to the 3-6 power 
of the diameter or side of square pillars, and inversely ax the 
aquare of the length, this latter being tho theoretical ratio as 
shown by (145). or solid cylindrical sections we haye the 
following general rules for long pillars failing simply by 
flexure :—short pillars require correction for incipient crushing 
by the rules in (163). 


L = ¥(M, x D? 
Mp=F x Lt+D*. 
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‘WROUGHT-IRON AND STEEL PILLARS. 
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126 WROUGHT-INON CYLINDRICAL PHULARE 


the experiments is to a great extent due to the correct 
O = 19 tons. 

As an illustration of the roles in (197) and (164), we 
tako Nos. 13, 14, in Table 44; then 95848 x 1-005"* +14 
= 61470 Ibs,, the value of I’, or the breaking weight by fl 
as in col. 9. This requires correction for incipient « 
(168) :—to find ©, we have 1-005? x -7854 x 42560 = 333 
Ibs, as in col. 10, hence JO, = 25520 Ibs., and the rule Py 
x Cy+ (F + } C,) becomes 61470 x 33760 + (61470 +2 
= 28910 Ibs., the reduced breaking weight or value of Po, as 
col. 7. 

Table 44 has been calculated in this way throughout 
sum of all the + errors in col. 8 = 56-9 and of all the — 
62-5, giving on 15 experiments an average of (56-9 — 

= 0293 per cont. only. The greatest 
= 18'8 per cent., and the greatest — error = 15-37 
cont. (959), 

(202.) Searching as in (165) for the length of wrow, 
pillars with which the correction for incipient crashing b 
nil, beyond which length the rule must not be applied 
reasons given in (164); we find that a pillar 1 inch diam 
crushes with ‘7854 x 19 = 14-92 tons, the correetion 
therefore be nil when F 4 = 8-73 tons (169), 
in a pillar with bot 
length of V4: 


(2083) 
In which tho 1 
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= 11-0£ square inches, hence 11-04 x 42560 = 469800 The, 
the value of C,, as in col. 5, and $C, = 352400 Ibs, from 
which we obtain (216500 x 469800) > (216500 + 352400) = 
178800 Ibs., the reduced breaking weight P,, as in col. 6. The 
value of the factor of safety is 175800 = 11000 = 16°25, as im 
col. 7. 

‘The diameter of a connecting-rod might bo calculated with 
sufficient precision for practice by an empirical rule a 
follows :— 

(206.) D="Y (wx L'+ 4640). 


In which w = the strain on the rod in Ibs, as found from the 
diameter of the cylinder and prossure of steam, &e. ; I, = tho 
length between centres in fect, and D =the diametor st the 
contre in inches. Thus, for No. 8 in Table 46 we baw 
6411 x 25+ 4640 = 84-54 the nearest number to which i 
col. 4 of Tablo 35 is 32-3 opposite 22 inches diameter, &e.: 
col. 8 in Table 46 bas been calculated by this rulo. 


Tans 46.—Of # 


| Factor 
Catcatated of sat 
Cy | Breaktog | “Coe 
‘Welght 





| 94,830 | 198,600 
212 | 178,700 
0 | y 
0 | 75,200 
® 





(207.) “Double-acting Pump-rods.”"—The ordinary rules fot 
wrought-iron pillars do not apply satisfactorily to the rods of 
double-acting pumps, partly, perhaps, because those rules are 
adapted only to a statical load or dead weight, whereas pumap- 
rods have to sustain heavy shocks at every stroke from the 
alternate inertia and momentum of the water in the pump and 
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mains, the amount of which depends on tho froqnoncy of the 
alternations or the speod of tho pump. The following empirical 
Rule is derived from long and varied experience :— 
(208) D= Y(wxL' x R+ 200000). 


Ta which w = the weight or strain on the rod in Ibs. ; L = the 
length between centres of joints in feet; R = the revolutions 
per minute of the engine, or of the crank working the pump ; 
and D = the diameter of the rod at the centre in inches, 
(209.) Table 47 gives the proportions of doublo-acting 
pump-rods from cases in practice; col. 6 has boon calculated 
by the Rule. Thus, with No. 9 we have 17-5* = 306, then 
25125 x 306 x 24-5 + 200000 = 942, which is the 4th power 
of the diameter. The logarithm of 942 or 2:974051~4 = 
0-743513, the natural number due to which, or 5-54 inches, is 
the diameter st the centre, as in col. 9. We should have 
obtained the same result without tho use of logurithms by finding 
the square-root of tho square-root of 942; thus 4/42 = 30-69, 


‘Tams 47.—Of the Srazsara of Wnovent-iz0x Coxxncrixe-nons for 
Dousux-acrine Pours, to resist a Compressive Srasix. From Cases 
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and 30-69 = 5-54 inches, as before. Table 85 would havo 
given nearly the same result with less trouble. 

‘The near agreement of the calculated sizes in col. 9 with the 
actual ones in col. 8 is duo to the fact that the latter were in 
many cases fixed originally by the Rule (208); still, they all 
stand well in practice, and have done so for many years 
without one failure, confirming so far the accuracy of the 
Rule. 

(210.) “ Wrought-iron Piston-rods."— The piston-rods of 
Steam-engines are subjected alternately to a tensile and com- 
pressive strain, and in calculating their strength both of those 
strains must be considered, 

First, for tho tensile strain :—a common mode of connecting 
the piston-rod to the cross-head is shown by Fig, 42, in which 
we have a 2}-inch rod with a conical ond, terminated by a 
Qj-inch square-thread screw, 1} inch diameter at the bottom 
of the thread. The area of 2} = 4°9, and of 1}? = 2-4 square 
inches; the area at the screw is therefore only half the area of 
tho rod. 

In large piston-rods a key is commonly used, as in Fig. 48; 
we have shown in (123) that the shearing strain is equal to the 
tonsilo, and as the key is subjected to a double shear, shearing at 
two places, its double aroa must be equal to the area of the rod 
at the key-way, supposing of course that the key is of the sume 
material as the rod. With the sizes shown in the figure, the key 
will have a shearing area of 4-75 x 1-25 x 2 = 11-87 square 
inches. The area of 4} diameter being 17-72, and the area ent 
away by tho key-way, 4°75 x 1-25 = 5-93, we have 17-72 — 
5-98 = 11-79 square oe mee practically the samme a8 the 


(211.) We may therefore admit that the minimum area at the 
screw or key-way is half the area of the rod, and this of course 
limits the strength of the piston-rod ; for obviously, whatever 
may be the strength as a pillar during the up-stroke, the rod 
cannot bear more then is duo to its tensile strength during the 
down-stroke, 

(212.) The mean strongth of British wrought iron may be 
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taken at 57,500 Tbs. per square inch from (4) and 
hence the maximum strain admissible on the body of the 
57500 + 2 = 28750 Ibs, per squaro inch, and the 


is so short that we are certain the strain will be 
ete ise nett eo ny ind the urce direst 
Rale 


(213) Area = W x Mp 28750. 
Tn which W = the strain on the rod due to the area of tho 


the value of My at 197,700 Ibs. from col. 2 
of Table $4, the Rule (197) then becomes :— 


(214) ¥F = 197700 x D* +1. 


In which F = the breaking weight by flexure in Ike, L = the 
greatest length in feet, or in most casos, the 
tance from the gland of the stafling-box, to the contro of the 
eross-head at tho top of the stroke, D = tho diamoter in inches. 
(215.) This rule gives the breaking woight by flexure only :-— 
as shown in (202), rods of @ length less than 58-37 times the 
correction for incipient crushing. Taking 
crushing strength of wrought iron at 1 is 
42,560 Ibs. (201), and the areas due to the rospoctivo diameters, 
we obtain tho valuo of C, in the third column of 
which gives the sizes of Piston-rods based on a combination of 
the rales for flexure (214), tensile (212), and crushing strength 
(164) 
erates wena rod, 8 foot long, 3}°* being 69°6 by 
Tablo 35, the breaking weight by floxuro becomes 197700 x 
69-6 = 64=215000 Ibs. = F. This requires correction for 
incipient crushing (163), the area of 8}. = 8-296 square inches, 
‘and we obtain 8-296 x 42560 = 353100 he value of Oy ; 
hence # C, = 264800 tbs., and the rule (164) gives P, = ins 
x 
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x 868100) + (215000 + 264800) = 158200 Ibs, as in the 
Table, which has been calculated throughout in this way. With 
four exceptions, the whole of the numbers required correction 
for incipient crushing. When the strength as a pillar is greater 
than the Jensile strength in the second column, then the latter 
limits the strongth of the whole:—for instance, a 3-inch rod, 
say 3 foot long, would bear as a pillar 251,500 Ibs., but the 
tensile strength at the key-way, e., is 203,200 Ibs. only, and 
as the strain during the up and down strokes is usually equal, 
the strength both ways is limited by the lesser. It will be 
observed that in the Table the strengths of say a 5-inch rod 5, 
6, and 7 foct long aro all alike, being, in fuct, oqual to tho 
tensile strongth, or 564,600 Ibs., &c. 

(216.) Pablo 49 gives the particulars of Piston-rods from 
cases in practice :—the strain in col. 5 was obtained by multi- 
plying the area of the piston by the pressure of steam, plus the 
vacuum in condensing engines, where the (ofal has been taken at 
20 Ibs. per square inch; with the High-pressure Engines, the 
pressure has been taken at 45 Ibs. above atmosphere. In cok 6, 
we have given the caleulated breaking weight as found by 
Tables 48, 56, &c., and in col. 7, tho “ Factor of Safety,” (880) 
or the ratio of the breaking to tho working strain, the mean 
value of which is about 12 for ordinary Condensing-engines, and 
14 for Marine Engines; it will be observed that the whole of 
the latter are dominated by the tonsile strength, in consequence 
of the shortness of the stroke, and are marked by a *. 

Tn col. 8 we given the calculated diameters as found by 
Tables 48, 56; thus in the 80-Horse rod, No. 6, with Factor 12 

90240 Ibs. breaking strain, the nearest 

ho column for 8 fect length in Table 48 

t inches diameter; the actual diameter 

‘Again, in the 60-Horse Marine Engine, No. % 

with Factor 14 we obtain 29040 x 14 = 406560 Ibs. breaking 
in, the nearest number to which in the column for 5 feet 


long is 408,000 1bs., opposite 4} inches diamoter, which was also 
the actual si being governed by tho Tensile strain in col. 2 

Wrought iron is not often used in modern times for first-class 
Engines; the superior character of steel, combined with its 

















rod 3 feot long, we have 30 x 12+25 + 150 = 9°45; then the 
logarithm of 2°45, or 0°$89166 +4 = 0-097291, the nataral 
number due to which, or 1°251 inch, is the diameter required. 
Or we might have obtained the same result without logarithms 
by finding the square-root of the square-root of 2-45, thus 
12-45 = 1-565, and 4/1°565 = 1-251, as before: soo also, 
Table 85. 

(219.) “Hollow Cylindrical Pillars of Wrought Iron."—For 
hollow cylindrical pillars, the rules in (196) require a simple 
modification and become :— 













(220.) F=M, x (D"=@)=+14, | 
(21) D“—d*=FxL'+M, 
(222.) L= ¥{M,x (D-d)+F}. 


Tn which F = the breaking weight on the pillar in Ibs. or tons 
by flexure, dependent on Mp. 
D = the external diameter in inches. 
d=thointernl  ,, = 
L = the length in feet. 
]» = Constant Multiplier, the value of which is given 
in Table 84. 

‘Table 52 gives the result of thirty-six experiments on hollow 
pillars, made of thin plate-iron, by Mr. Hodgkinson ; col. 10 has 
been calculated by the rule, the value of My for pillars with both 
ends flat being taken at 299,600 Ibs. from Table 34. 

(223.) Thus, with No. 3, the logarithm of 6-187 or 0-791480 
x 8-6 = 2°849828, the natural number due to which, or 706-9, 
is tho 3-6 power of D:—then the logarithm of 6, or 0-778151x 
8-6 = 2801344, the natural number due to which, or 622°9, is 
the 8:6 power of d. Hence 7069 — 622-9 = 74, and the 
rale (220) becomes F = 299600 x 74+ 100 = 221700 Ibs, the 
broaking weight by flexure, or Fas in col. 10. This requires 
correction for incipient crushing by the rule (164); taking the 
crushing strength at 19 tons, or 42,560 Ibe. per square inch (201), 
and the area by col. 5 boing 1-799 square inches, O, becomes 
1-799 x 42560 = 76570 Ibs,, as in col. 11, and }C,=67420 lbs. ; 
hence (221700 x 76570) + (221700 + 57420) = 60810 Ibs, 


wal 
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Taste 62.—Of the Sraesors of Criixpaical, PrLvaRs, 
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4 inches, s = 34 inches, L = 11 foot, both ends flat, we have 
223 x (4"* — 8y°*) + 11%, or 223 x (147 — 90-9) = 121 = 
103*5 tons = F. Correcting for incipient crushing (164), the 
area of the section being 4°75 square inches, O, becomes 
4°75 x 19 = 90°25 tons, } O, = 67-69 tons, hence Py = 
(103-5 x 90°25) + (108-5 + 67°69) = 54-56 tons breaking 
weight. 

With thin plates of wrought iron correction is required for 
incipient “ Wrinkling” (249) rather than incipient crushing: in 
our case, however, the wrinkling strain is ("25 + 4/4) x 80, 
or (“5 +2) x 80 = 20 tons per square inch, which being in 
excess of 19 tons, the crushing strength of wrought iron in 
pillars (201), the strength is governed by the Intter. 

(283,) * Rectangular Pillars of Wrought Tron."—For rectan- 
gular sections, other than square, the rules for square pillars are 
modified, and we have:— 


(234.) F=M,x #°xb+L) 
(285.) taQ/{E x Lt-+ (Mp x o}. 
(286.) b= x L?+ (Myx &%). 
(287.) L = Y(Mp x @* x b+F). 
(288.) My = F x L? + (f° x b). 


In which the letters have the same signification as in (177), 

namely F = the breaking weight by flexure in Ibs., tons, &. 

dependent on the value of M, as given by Table 34, ¢ = the 

thickness or least dimension of the rectangular pillar, the 2°6 

power of which is given by col. 3 of Table 35; 6 = the greatest 
dimension, and - th in foot, &e. 

(289.) Table 58 © results of twonty-one experiments 

of wrought iron by Mr. Hodgkinson ; 

the rule (284), the value of My, for 

ends flat being taken at 498,500, 

Table 34, Thus taking No. 9 as an 

fi hm of +995 or 1-9978 x 26 = 

‘f +99428, the: fatal umber due to which, or *9869, is the 2-6 

power of #, und 7-5" being = 56-26, the rule becomes 500000, 
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‘To vary the illustration we will take a pillar very similar in 
section to the last, but only 6 feet long, say No. 14 in the 
Table 53: the lognrithm of -996 = 1-99826 x 2-6=1-995476, 
the natural number duo to which, or +9896 = f*; then 500000 
x 79896 x 5°84 +25 = 115600 Ibs, = F, asin col. 9. 

‘Thon the area = -996 x 5-84 = 5-8166 square inches, hence 
CG, becomes 5°8166 x 42560 = 247600 Ibs., as in col. 8, } O, 
= 185700 Iba, and the rule in (164), gives (115600 x 247600) 
> (115600 + 185700) = 94980 Ibs, reduced breaking 
as in col. 6. The exporimental result was 102,916 1 Ibs., the 
difforonce being 94980 + 102946 = - 928, or 1-0 —-923 = -077, 
showing an error of — 7°7 per cent. 

(240.) Table 53 has been caleulated in this way throughout — 
the sum of all tho + errors in col. 7 is 108-9, and of all the 
— crrors, 109-4, they are therofore practically equalized. The 
greatest + error is 22-4 per cent., and the greatest — error = 
84-8 per cent. (959). 

(241.) Messrs, Kennard haye made some experiments on 
wrought-iron pillars of cruciform, | iron, and other sections, 
the results of which are given by Table 54; unfortunately 
there is some doubt as to the form at tho ends, some wore cut 
away there, so a8 to approximate the case to a pillar with both 
ends pointed, and others approximate to the form of pillars 
with ends flat. All we can do is to calculate for both conditions, 
and it will be found that the experimental results are between 
thoso extremes which do not differ ncarly so much as 1 to8, (149) 
being governed by incipient crushing. 

(242.) “ Wrought-iron Pillars of + Section."—Tho cruciform 
pillars were of the sizes shown by Fig. 44, and were 5 feet long ; 
they would therefore fail by flexure in the direction of the least 
dimension (24 inches), and the strength may be calculated as in 
(289) by the rule (234). Thns 24** = 10-84 by col. 3 of 
Table 35; for a pillar with both ends pointed M, = 162900 by 
Table 34, then, 162900 x 10°84 x -375 = 662200 Ibe. due to the 
rib aasa pillar one foot long. For the resistance of the rib ¢, 
g** —-0781 by col. 8 of | Table 35, and the breadth 8 in the rule 
being —0°375 = 2°625, we obtain 162900 x -O781 x 2-625 
= 88400 Ibs. Tho sum of the two is 662200 + 33400 = 
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695600 Iba, which for a length of 5 fect bocomes 695600 + 5* 
= 27824 Ibs. the breaking weight by floxure = F. Reducing 
this for incipient crashing (164); the area of the whole section 
is 1-88 square inch, hence 1-88 x 42560 = 80013 Ibs., the 
Yalue of Or, and 60,010 Ibs.= 3 Cp; then the rule (164) becomes 
P, = (27824 x 80013) + (27824 + 60010) 
reduced breaking weight with both ends pai a 
of Table 54:—experiment gave 34,944 tbe, col, 5, w 
to show that the form at the ends did not undoes’ tp feat 
condition. 

With both onds flat, F would be greater, in the ratio of the 
respective Multipliers M, given by Table 34, and becomes 
27824 x 500000 = 162900 = 85400 Ibs., which corrected for 


4, 
secms to show that the condition of both ends flat, 80 favourable 
to strength, was not fully attained. The small difference 
between tho resulta of the two experiments, namely 38304 — 
94944 = 8360 Ibs. only, or about 9 per cent., shows that the 
form at the ends were nearly alike, although intended to be very 
differont, The calculated difference was 47000 — 25350= 





21650 Iba, and the experimental difference would have been 
about the same if the conditions assumed had been fulfilled. 
But it will be observed that the two experimental resalts fall 
between tho two calculated ones. 

(248.) “ Wrought-iron 1 Pillars.” —Let Pig, 45 be the section 
of « | iron pillar of wrought iron, say 10 feet long, both ends 
flat. Such a pillar may fail by flexure in any one of the three 
directions shown by the arrows A, B, C, and of course it will 
select the one in which the resistance is the least, or where 
f° x b has the lowest value. _ 

In the direction A, we have (4°* x 0-5) +(0-5"* x 8-5) or 
(86-7 x 0-5) + (165 x 8-5) = 18-9975. 

Tt should be observed that the rib R contributes only 3 per 
cent. to the strength: it might therefore be neglected with 
impunity: thus (-165 x 3-5) + 18-9275 =-03, or 3 per cent. 
(186). In the direction of B, reckoning for wrought iran 
from the line N, as we found it necessary to do in i 
the transverse strength (378), we haye (3-5'* x 0-5) + 
{4°* — 8-5") x 4} = 55-8, or nearly throo times the resistanes 
in the direction of A: the pillar will therefore not give way in 
that direction unless it is forced to do go by the mode of fixing. 

In the direction of C we must calculate for wrought iron 
from the line P, and fx B then becomes (0-5 x 4) + 
{ar* — 0-5") x 0-5} = 18-9275, or the same as in the 
direction A; the pillar may therefore fail in cither direction 
indifferently. ‘Then by the rule in (234) we have 223 x 
18-9275 + 100 = 42-94 tons = F. Then for incipient 
crushing (164), the aren of the section being 3°75 square 
inches, C, becomes 8°75 x 19 = 71-25 tons, and } O,= 

4 x 71+ 25) = (42°24 + BS:ddpioe 
31-46 tons breaking weight. 

(244.) Experiments were made on pillars whose section is 
given by Fig. 46, the length being 5 fect, one of them having 
flat ends or approximately 0, and the other pointed. 

¢ will bend in the direction of the arrow D, 
and calculating as in (243), wo have (3° x -375) + 





Whovost-mox L riians. 145 


(O-S75** x 2-625) or (17-4 x -375) + (-0781 x 2-625) = 
6°73, which is #* x b in tho rulo (234), hence 162900 x 6-73 
= 25 = 42850 Ibe. = F, or the breaking weight by flexure. 
‘The area of the section = 2-1 square inches, hence C, = 
2-1 x 42560 = 89380 Iba, and } C, = 67030 Ibs.:—then the 
rule in (164) becomes (43850 x 89380) + (43850 + 67030) = 
35350 Ibs. breaking weight of a pillar with both ends pointed, 
col. 6 of Tuble 54: experiment gave 42,000 Ihs., col. 5. 

‘The same pillar with both onds flat, gives 500000 x 6-78 = 
25 = 134600 lbs. for the value of I’, hence (134600 x 89380) 
= (184600 + 67080) = 59670 Ibe. breaking weight, col. 3: 
experiment gave 62,989 Ibs, col. 4. 

(245.) * Wrought-irm L Pillars."—This form of pillar fre- 
quently occurs in the struts of roofs and other structures, the 

of the strength is therefore a matter of consider- 
able pmetical importance. We have first to find the direction 
in which such pillar will fail by flexure, which of course will 
be the one in which it is the weakest. 

Let Fig. 48 be the section of a 3-inch angle-iron, } inch 
thick, which as a pillar may fail by ficxure in one of throo 
ilirections indicated by the arrows A, B,C. To find ¢* x b in 
the direction A we must calculate from the line N for wrought 


iron (978), and we have (j"* x 8) + {3"* — gr) x a} or 


(0781 x 3)-+ {17-4 —-0781) x-875} = 6-73, Inthe other 
direction B, wo must calculate from tho line P, and w 
{3° - 2979 x 8} + (2p"* x 3) or {17-4 — 12-28) x 2 
(12-28 x -875) = 19-965, or nearly three times the strength 
in the direction A. Wor the Girection 0, ¢ must be measured 
angle-wise, and in our case becomes 2} inches as in 
the breadth b becoming the sum of the thicknesses of tl 
tibs, or 9 inch. We thma obtain 2j** x } or i 
6-1725, which being less than either of the others, shows ‘that 
the pillar will fail in the direction C. 

(246.) Experiments were made on pillars whose section is 
given by Pig. 47; there were four, flat at both ends, the lengths 

L 
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being 1}, 3, 4, and & feet respectively ; one was 5 feet long with 
both ends pointed or approximately go. Admitting that the 
pillar will fail by flexure in the direction of the arrow as in 
(245), ¢ will bo 2} inches, and b = § inch, and taking My from 
Table 34 at 228 tons, and 2}** at 8*23 from Table 35, we 
obtain for 1} feet long 223 x 8°23 x -625 + 2°25 = 510-2 tons 
for the value of F. This requires correction for incipient 
erushing (164): the area being 1-78 inch, and the crashing 
strength of wrought iron in pillars = 19 tons per-square inch 
(201), ©, becomes 1:78 x 19 = 83-82 tons, and 3 Oy = 
25°36 tons; then (510-2 x 83-82) + (510-2 + 25-36) = 
32-22 tons, col.8: experiment gave $1-8 tons,col. 4. Table 54 
has been calculated in this way for the several lengths, from 
1} to 5 feet. 

For the pillar with both ends pointed, M, = 72:7 from 
Table 34, and the rule becomes 72°7 x 8-28 x *625 + 25 = 
14-96 tons =F: then (14-96 x 83-82) + (14-96 + 25-86) = 
12-55 tons, col. 6, the reduced breaking weight: experiment 
gavo 12°25 tons, col. 5 

(247.) ** Wrought-iron Lut Pillars.” —Experimonts were made 
on two pillars whose scetion is given by Fig. 49. Such a pillar 
might fail by flexure in one of three dircotions as indicated by 
the arrows . In the direction A, the thin ribs R,R 
would be subjected to compression, therefore (878) we mest 
calculate the strength from the line N, and f° x 6 by which 


the strength is governed, becomes (3** x 8) + {19**—3*) xj} 
28 — -0781) x -75} = 8-3857. Tn the 


e havo (1g** x 8) — (1g** x 2) or (4°28 x 8) = 
= 7-71, or about double that in the direction A. 


6 obtain (8°* x 13) — (22 x If) 

x 1+875) = 19-184, or neurly st 

vction A. We find from this that 

be caleulated for A; then for 

for a length of 5 foot webstt 

293 x 8: “8857 tons = F. Reducing for incipietl 
crushing, the ’ 5 square inches, C, boca 





5 x 19 = 40-85 tons, and } O, = 90°64 tons, hence 
(30-23 (80-23 + 80°64) = 20-28 tons, col. 3. 


pointed ends wo obtain 

=f, Fi, which being less than 

it crushing is not required (169), 

ae sh i 9-05 tons: experiment gave 14 tons, 
be 


Ths experimonts gave 17-1 and 14 tons respoctively ; the 
difference is only 3-1 tons, wheroas tho calculated difference is 
20-28 — 9-85 = 10-48 toss, which shows that in the experi- 
ments the assamed form at the ends was not complicd with 
perfectly in cither caso (241), Hero again the experimental 
results fall betwoen the calculated ones, as in (242), 

Table 54 gives a collected statement of the results of experi- 
ment and calculation on these pillars of unusual sections (242) 
to (247). 

* Hollow Rectangular Pillars of Wrought Iron.”—¥or rectan- 
gular pillars other than square the rules in (230) become :— 


(48) F= ... : 


a el leat tartee . 
in which t= 3; b= 4; 24; 6 = 34; L 


ends being fist, wo have a x {a x 4) — ay 

or 923 x {17-4 x 4) — (10-84 x 8-5}-+ 81 = 87-24 tons = F. 

Correcting for incipient crushing, the area being 3 

inches, O, becomes 3:25 x 19 = 61-75 tons, } C, 

therefore by the rule in (164), (87-24 x 61- 

46-81) = 40-84 tons breaking weight. In 

(232), correction for incipient “ Wrinkling” is not required. 
n2 
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(249.) “ Incipient Wrinkling.”"—It is shown in (806) that thin 
wrought-iron plates, where the breadth is considerable, will fail 
by wrinkling or corrugating under a compressive load, with = 
strain very much loss than the absolute crushing strength of 
wrought iron. Yor plates forming the sidos of a pillar, wo have 
the rule:— 


(250.) Ww = (t+ 4/6) x 80. 


In which ¢ = the thickness of plate, and 6 = the breadth un- 
supported, both in inches, Wy = the compressive wrinkling 
strain in tons per square inch. Thus for a plate } inch thick, 
and 9 inches wide, forming one side of « pillar 9 inches square, 
we have (ft ~ 9) x 80, or (+8585 + 8) x 80 = 9-497 
tons per square inch, being less than half the crushing strength 
of wrought iron in pillars (201), which is 19 tons per square 


inch. When, however, the plate is thick in proportion to the 
breadth, the wrinkling strain may become greater than the 
crushing strength, and in that caso the strength of the pillar is 
governed by the latter. An example of this is given in (409). 
Table 68 gives tho wrinkling strain for wrought-iron plates of 
various thicknesses and breadth when forming part of a pillar 
particularly, for, as shown in (921) and Table 62, the resistance 
of plate-iron in beams is greater than in pillars in the ratio of 
104 to 80. 

(261.) It should bo observed that tho strength of a pillar is 
governed by that of the weakest plate:—for instance, in » ree= 
tangular pillar whose sides aro in the ratio of 2 to 1, with equal 
thickness all over, the narrow end plates are stronger than the 
sides in the ratio of to /1, or 1-414 to 1-0, but when the 
wide plate fails by ing under the strain, the whole of the 
load is thrown upon tho end plates, and they fail under that 
increased load in spite of their superior strength, which in smth 
a caso goes for nothing. Evidently, the most judicious course 
ig to make the wide plates thicker than the narrow ones, 80 as 
to produce equality of strength all over; and as the resistance to 
wrinkling is proportioned to 4/1-+ 4/b by the rule in (260), # 
follows that tho thickness of plate should be simply propor 
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tionate to the breadth unsupported, 20 that for breadths in the 
tatio of 1, 2, 3, the thicknesses should be in the ratio 1, 2, 3 
also. ie 


When it is thus found that the Wrinkling strain is less than 
the crushing, the correction of F must be made by the rale:— 


52) Py = Fx Oy +(F + 3 0y)- 


Bat when the crushing strain is less than tho wrinkling, the 
rale becomes :— 
(253.) Po =F x C,+(F +2). 

In which F = the breaking weight of the pillar duo to flexure 
by the rule in (248), &c.; 0 = the specific crushing strength of 
wrought iron per square inch, namely 19 tons, or 42,560 lbs. ; 
©, = resistance of the pillar to ernshing, due to the area of the 
section, and the value of ©; Wy, = the wrinkling strain in Ibe., 
tons, &e., per square inch, which varies with the thickness and 
broadth of the plate, and may be calenlated by the rule in (250) 
or (308). Cy» =the wrinkling strain on the wholo pillar, due 
to the area of the section, and the value of Ww; P. = the 
breaking weight of the pillar reduced for “ Incipiont: Crushing” 


breaking weight of the pillar reduced for “Incipient Wrink- 
ling” in tons, Iba, &e. 
OF courses it will be understood that the whole must b 
in the sume terms; for instance, if F be taken in Tons, all the 
rest must be in Tons also. 
) * Experimental Results."—Tablo 55 gives the results 


calculated weights by flexure, or F ; the square pillars 
by tho roles in (230), and tho rectangular ones by those in 


(255.) “ Square Pillars." —As an example of the former we may 
take No. 4, whoso soction is shown by Fig. 50; to find S**, we 
have the logarithm of 8°1 = 0-908485 x 8-6 = 8-370546, the 
natural momber due to which = 1864. Then for #**, the logn~ 
rithm of 7°98 = 0:902003 x 8-6 = 3-247211, the natural 
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number due to which =1767: from these we obtain 1864—1767 
= 97 for the value of 8" — #° in tho rule in (230). Taking 
the value of M, from Table 34, at 498,500 Ibs. we obtain 
498500 x 97 +100 = 483600 Ibs. = F, as in col. 9. 

(256.) ‘This will require correction for “Incipient Wrink- 
ling”: we haye first to find Wy by the rule (250), namely 
Ww =(/ t+ 4b) x 80, which in our case becomes (4/=06 = 
4/8-1) x 80, or (-2449 + 2-846) x 80 = 5-468 tons per square 
inch, as in col. 11, This is a very low result, and is due to the 
extreme thinness of the plate. To find Cy in Ibs. the area of 
tho whole section being 2°07 square inches by col. 4, we have 
5*468 x 2240 x 2-07 = 25350 Ibs, as in col 10, therefore 
# Cy =19010 Ibs, and the rule (252), or Pe =¥ x Cy 
(F + } Oy) becomes 483600 x 25350 + (483600 + 19010) = 
24390 lbs. the reduced breaking weight, us in col. 7. The 
experiment gavo 27,545 Ibs., hence we have 24390 + 27545 = 
886, showing an error of 1:0 — -886 = -114, or — 11-4 per 
cent., a8 in col. 8, 

We may now give an illustration of the error that would 
have occurred in this case if we had neglected * Wrinkling”™ 
and calculated for incipient crushing in tho ordinary method for 
solid pillars, Thus C, or the crushing strength of wrought 
iron in pillars, being 19 tons, or 42,560 per square inch, and 
the area 2:07 square inches, O, becomes 42560 x 2-07 = 
88100 Ibs., and 70, = 66070 Ibs. ; then the rule P, = F x OG, 

—(F + 30,), becomes 483600 x 88100 = (483600 + 66070) 
= 77510 Ibs., whereas experiment gave 27,545 Ibs. only. 
calculated strength is T7510 + 2' 

perimental ; an error of 181'4 por cent.! 

(257.) “ Rectangular Pillars.” —As on oxample of the mothod 
of calculating the strength of rectangular pillars of thin plate 
iron by the rules in (248) and (252), é&c., we will take No. 15 
in Table 55, whose section is shown by Fig. 51. For @*, the 
logarithm of 4-1, or 0 784 x 2-6 = 1°593238, the natural 
number due to which is 39-2, hence f° x b, becomes 39°23 x 
8-175 ‘5; then for 4°", the logarithm of 8*978, or 
0+599665 x 2-6 = 1-559129, the natural number due to which 
is 36-235, and 4°" x by becomes 36°285 x 8-053 = 291-8. 
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‘With theso values, and a longth of 2-333 foct, tho ralo in (248), 
namely F = My x | €* x 8) — (tx d,}+14, becomes in 
ott case 498500 x (320-5 — 291-8) + 5-444 = 2,628,000 Ibs. 
breaking weight by flexare = F, as in col. 9. 

(258) Correcting this result for “Incipient Wrinkling” 
(249), wo have to find W, by the rale (250), or Wy = (./t + 4/b) 
% 80, which in our case becomes (4/7061 + 4/8-175) x 80, 
or (+247 = 2-859) x 80 = 6-911 tons per equare inch, and 
the area of the whole section being 1-532 square inch by col, 4, 
we obtain 6-911 x 2240 x 1-532 = 23720 Ibs. for the valuo 
of Cs, et 17790 Ibs. for } Cy. Then the rule in (252), 

=F x Cy =(F + $C,) becomes 2628000 x 23720 
SSaRaOmHEITTaN) = 28560 Ibs, the reduced breaking weight, 
88 in col. 7. Experiment gnve 24395 Ibs, as in col. 6; hence 
23560 + 24395 = -966, showing an error of 1:0 — 0°96 = 
*084, or — 3-4 per cent., as in col. 8. 

(259.) If in this case we had neglected “ Wrinkling,” and 
corrected F for incipient crushing, the error would have been 
enormous. Thus the area being 1-532 square inch, C,. becon 
42560 x 1-532 = 65200 Ibs, und 3 C, = 48900 Ibs. : 
rule (253) becomes 2628000 x 65200 + (2623000 
80585 Ibs, whereas experiment gave 24,395 Ibs. 

— strength by this erroneous method is. 80585 


cmt l 
(260.) “ Cellular Pillars.” —Soveral of the roctangul 


lating 
method of applying the rules becomes necossary. We 

No. 17 as an illustration, the section of which 

Fig. 52. Obviously the pillar would fail by 4 

direction of its least dimension, ¢ will therefore bo 

and 6 = 8-1 inebos, as usual. To find b,, we m: 

eentral plate © to bo divided into two equal portions, one of 
which is added to each of the two sido plates s, z, and we thas 





obtain the simple section Fig. 53: we ean then 
the calculation in the usual way, as illustrated in (257). 

‘Thus to find @%, the logurithm of 4-1, or 0-612784 x 2-6 = 
1-593288, tho natural number due to which is 3972; then for 
#*", the logarithm of 3-982, or 0°600101 x 2°6 
the ‘nataral number due to which is 36- 

498500 Ibs. as before, and the length or 
the rule in (248), namely F = My x {4% x b) — (tx bi} 
+L, bocomes 498500 x {89-2 x 8-1) — (86-88 x 7-993} 
+ 58-14 = 254700 lbs, = Fy, as in col. 9. 

(261.) In correcting for incipient wrinkling it must be ob- 
served that the effect of the central plate is to reduce the 
brendth of the wide plato, in onr case to half or 4°05 inches; 
then the groatest breadth unsupported is the end plate or 4-1 
inches, and the wrinkling strain must be calculated for that 
width, The rule in (250), namely Wy =(v/ t+ Vb) x 80, 
becomes in our case (4/ -059 + 4/ 4-1) x 80, or (-2429 + 2-035) 
x 80 = 9°596 tons per square inch, as in col. 11; then the 
area of the whole section being 1-885 square inches by col. 4, 
Ow becomes 9°596 x 2240 x 1°885 = 40520 Lbs., as in col. 10, 
and } Cy = 30390 Ibs. The role in (252), namely Py = 
F x Oy-+(F +3 Cy), becomes 254700 x 40520 > (254700 + 
80390) 36190 lbs, as in col. 7. Experiment gave 45,451 Ibe, 

al hence 36190 + 45 5451 = = *796, showing an error 

of 1:0 — 0-796 = «204, or — 20°4 per cent., as in col. 8. 
(262.) « sabe Sover Pillars.”"—Four of the pillars in Table 55, 
led by central plates into four compart 
ig. 54, the lengths varying from 
10:1 foet to 2). feet. In calculating the strength of this pillar 
we may assume that it will bend, and fail by flexure, say in the 
direction of the arrow. In that case the cross-plate B will be 
is N, A, and will add nothing to the strength 
in resisting , fleure, The effective section there- 
fore becomes as in Fi ,and the case is assimilated to (260), 
and may bo calenlated in the samo way : adding the thickness 
of the plate ¢ to fand g in equal portions, we finally reduce the 
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doe to the breadth H, or 4-05 inches, 
as at D in Fig. 56; again, although 
nothing to the strength in resisting 
i effect in resisting wrinkling, and so 

finally affeets the strength of the pillar. 
(263.) Taking No. 6 as an example of the mode of calculating 
of this form:—to find @, the logarithm of 8-1 or 
0-908485 x 2-6 = 2-362061, the natural number due to which 
is 230-176. For (2%, the logarithm of 7-79726, or 0°901599 
% 2-6 = 2-344157, the natural number due to which is 220-9. 


‘The rule (248), namely F = My x {@* x b) —(t2* x bi} +1, 
Becomes 498500 x {230-176 x 8-1) — (220-9 x 7-9089} 


= 102 = 573800 Ibe. = F, as in col. 9. 

Reducing for incipient wrinkling (249), wo have to take H 
in Fig. 55, or half the side of the square for the breadth, as 
explained in (262), dnd the rule Wy = (,/¢ 9b) x 80, bo- 
comes (/-0687 = 4-05) x 80, or (-25289 + 2-012) x 80 
= 10-04 tons per square inch, as in col. 11, and tho arca of 
the whole section being 3:551 square inches by col. 4, we 
obtain 10-04 ~ 2240 x 3-551 = 79830 Ibs. for the value of 
Gry, therefare 59,870 Ibs. for J Cy, and the rule (252), or Py = 
F x O, = (F + } ©,) becomes 573800 x 79830 + (573800 + 
59870) = 72280 Ibs. breaking weight, as in col. 7. Experiment 
gave 70,070 Ibs., as in col. 6; hence 72280 = 70070 = 1-031, 
showing an érror of 4+ 3-1 per cent., ax in col. 8. 

(264) Table 55 bas boen calculated thronghout in the way 
we have thus explained and illustrated:—the mean avorago 
error on the 27 experiments in which the pillars were broken, is 
— 2] per cent., for the sum of all the minus errors in col. 8, is 
185-5, and of all the plus errors 124-6, giving a difference of 
185-5—124-6=60-9, which on 27 experiments gives an average 
of 60-9 +27 = 2°25 per cent. The range of the errors is 
pretty nearly equal, the greatest + error being 28-5 per cont., 
and the greatest — error, 23 per cent. (959). It will be observed 
that the highest wrinkling strain in col. 11, is 18-36 tons per 
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square inch, which being less than 19 tons, the crashing 
strength of wronght iron in pillars, correction had to be made 
for “Incipient Wrinkling” rather than “ Incipiont Crushing,” 
a8 explained in (252). Comparing cols. 7 and 9, it will be 
seen that correction was required in every ease, without excep- 
tion. In two cases, Nos. 1 and 11, the pillars were not strained 
up to the breaking point, but it is satisfactory to observe that 
the calculation shows they wero not likely to break with the 
experimental strain, the calonlated breaking weight in col 7, 
being in both cases in excess of that strain in col. 6. 

(265.) “ Economic Value of Celis.”—We are now in a position 
to estimate the value of division-plates in cellular beams as a 
matter of economy. Taking a plain rectangular pillar with 
sides in the ratio of 2 to 1, and so short that the case is 
practically governed by the resistance to wrinkling, irrespective 
of flexure; by the addition of a central plate, we increase We, 
or the wrinkling strain per square inch, in the ratio of 2 to 
Tor 1-414 to 1°0, or 41-4 per cont, But the area of the 
whole section is also increased in the ratio of 7 to 6, or from 
1:0 to 7 + 6 =1°167 or 16:7 por cent., so that the total 
increase in strength is 1-414 x 1-167 = 1°65, or 65 per cent. 
As the strength is increased by the centre plate 65 per catty 
and the weight 16-7 per cent., the net economic advantage from 
it is 65 — 16-7 = 48-3 per cont. 

ply only tos pillar so short that the strength 
is governod exclusively by the resistance to wrinkling, irre 
spective of floxure, which in long pillars will so affect the euse 
that no general ratio can be given, as it will vary with the 
length and general sizes of the pillar. 

(266.) The fairest comparison may be made by taking & 
ay we take the four-celled pillar No. 6 in Table 
whose calculated atrength as given in ool. 7 wes 

hon synod tho tuo centre:plates and alsg 


square pillar as , whose total area or weight ix pre 
cisely the same as that of the cellular one Fig. 54, thus the 4 
sides in the plain pillar, or +09555 x 4 = °8822, and the 4 sides 
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also. 
as in (254); the logarithm of 8-1 or 0-908485 
* 8-6 = 3°270546, the natural number duo to which is 
1864-4; then the logarithm of 7-9089 or 0-898117 x 8-6 = 
8233221, the nataral number duo to which is 1711. The rule 
namely F = M, x (S** — #*) + L’, becomes in our 
ease 498500 x (1864-4 — 1711) +102 = 749700 Ibs. = FL 
Reducing for incipient wrinkling, the rule in (250) namely 
=(4i= ob) x 80, becomes (4/=09555 + 4/81) x80, or 
2-846) x 80 = 8-686 tons per square inch, and the 
area as before 8-551 squaro inches, Cy bocomes 8-686 x 
2240 x 3-551 = 69090 ibs., and } Cy = 51820 Ibs. Then the 
rule in (252), namely Py = F x Cy + (I + } Cy) becomes 
T49700 x 69090 + (749700 + 51820) = 64620 Ibs. 
Now the cellular pillar of the same external size, length, and 


ares or weight of metal, gave 72280 Ibs., or 72280 64620 = 
T1185 or 11°85 per cont, in excess of tho plain pillar, The 
advantage of the cellular form is thus shown to be the greatest in 
the case of short pillars; sce (265), which gave 48-3 per cent. 
(267.) “ Steel Pillars."—Tho only experiments we have, are 

, the results of which are i 


DP* —L* -—thus with No. 30, having both ends fla 
have the Iogarithm of -87 = 1-939519 x 3°6 = 
natural number due to which is 6059; then $25: 
= 6-25 = 31550 Ibs. = F, as in col. 9, 

(268.) Correcting for incipient crushing, we have the same 
difficulty s& with wrought iron (503) in determining the 
crushing strength of Steel. From experiments on the transverse 
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strength (507) we found it to be 61-48 tong per square inch:— 
if wo adopt that for steel pillars, only the one with two ends 
flat in the experiments requires correction for incipient crushing 
(164), and applying it to that one, we obtain a result too high 
by 6°7 per cent. For reasons indicated in (504), &e., the 
ernshing strength of malleable metals appears to be loss in 
pillars than in beams :—thus experiments on the transverse 
strength of wrought iron (520) seem to give C = 24 tons per 
square inch, but in pillars we found by the experiments (201) that 
© = 19 tons only. Following the same course with steel, we 
find the crushing strength in pillars to be 52 tons, or 116,480 Thx. 
per square inch, 

With this valuo for C, we obtain for our pillar *87 inch din- 
meter, "87? x +7854 x 116480 = 69240 Ibs. for the value of 
©,, and 51,930 Ibs, for } C,; hence (31550 x 69240) > (81550 
451,930) = 26070 Ibs, col. 7, breaking weight, or practically 
the same as by experiment, which gave 26,059 Iba, col. 6. 

(269.) To compare the relative strength of wrought iron 
and steel pillars wo must observe that the ratio will not be 
constant, but will vary with the length. With long pillars 
breaking merely by flexure, the ratios are simply those of the 
respective multipliers in Table 84; thus for pillars with both 
ends pointed, we obtain 108500 + 95848 = 1-182, or 13-2 per 
cent. in favour of Stocl:—by theory basod on the transverse 
strength and deflection, we obtained 9 por cent. (300). But 
with very short pillars, where the strength is dominated almost 
exclusively by the crushing strain, the ratio will be 52 to 19, or 
noarly $ to 1 in favour of steel. ‘The ratio will vary between 

mes, dependent on the length of the pillar in propor- 


The. length of steel pillars with which the correction 

t crushing becomes nil (169) may be found by the 
Thus, for pillars 1 inch diameter, C, ="7854 x 52 

= = 40° S41 tons therefore } C, = 10-21 tons, and the rule becomes 
| two pointed ends (48°44 x 1°" + 10-21) fx 

for those with one end flat and one 

pointed (96-88 x 1" 10-21) J x 12 = 87 inches; and for 
those with both ends flat (145-3 x I°* + 10-21) x 12 = 
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45°26 inches, &c. But these ratios of length to diameter will 
vary with the diameter, as shown by (148) and Table 39, which 
has been calculated by the rule (203). 

(271) “ Steel Piston-rods.”—With long rods, or rather whore 
the length is great in proportion to the diameter, the advantage 
of a stecl pillar over a wrought iron one is not very great, as 
shown by (300). But strength is not the only, nor indeed the 
principal quality in which steel is superior ns a piston-rod :— 
the continued action of passing to-and-fro through the gland, 
thas a tendency to “score” the surface and wear longitudinal 
farrows in it; in resisting this tendency, the superior hardness 
of steel gives it = great advantage over wrought iron. For 
these reasons steel is used almost exclusively for first-class work, 
and as it is now so much reduced in price, it is probablo that 
its use will become still more general for engines of all classes. 

(272) It is shown in (210) that a piston-rod is subjected 
alternately to tensile and comprossive strains, both of which must 
be considered in calculating the strength :—also that the ares at 
the screw or key-way is half only of that duc to tho diameter of 
the body of the rod, The mean tensile strongth of Steel may be 


‘&e., that its strength will spelt by the ton ie strain, we 
may find the area necessary direct by the rule :— 

(273.) Area = W x My+ 48000. 
Tn which W = the strain on the rod due to the area « 
pressure of steam, &c., and My = the “ Factor of | 

For the strength to resist the compressive strain 
stroke, the rod may be taken as a pillar flat at o7 
pointed at the other, namely, flat at the piston, an 
the crose-head. Then taking My from col. 2 of ‘Table 84 at 
217,000 Ibs., the rale in (197) beeomes :-— 

(274.) FP = 217000 x D+ Lt. 
In which F = tho breaking weight by flexure in Ibs, L = the 
maximum length unsupported in foct, or the distance from the 
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Hodgkinson, we find that pillars of timber follow p 
theoretical law (147), the strength of long i 
flexure, being directly proportional to the eth mera 
diameter or side of square, and inversoly as the square of 
ength :—hence we have for cylindrical pillars the rales -— 

(279.) F=M,px D+Lt 

(280.) D=¥ (Fx L'=M,). 

(281.) L= Y (Mp x D'+F). 

For square pillars these rules are modified and become :— 

(282) F=M,xSt+14 

(288.) S=¥ (FxL’+M,). 

(284.) L= 4 (Mr x 8*+ F). 

And for rectangular pillars other than square, into: — 

(285.) F=M,x@ xb+l. 

(286,) t=2 {F x Lt (Mp x a}. 

(287.) b=F x L'+(M, xf). 

(288.) L= ¥ (Mex @x b+F). 


In which es tho diameter of a solid cylindrical pillarin inthed) 
= the side of « square pillar in inches. 
fa = the thickness or least dimension of a roles | 
pillar in inches. 
b= the breadth or greatest dimension of a roc 
angular pillar in inches. 
Fmtho beosking) weight by flexure in Ibeaee 
dependent on My. 
= the length in feet. 
M, = Multiplier, whose value is given in Ths and 
tons, by Table 34, | 
(289.) Mr Hodgkinson made some experiments on equareand | 
rectangular pillars of Dantzic Oak and Red Deal, the results of 
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SQUARE PILLARS: TIMBER. 


Tarte 58.—Of the Srnesern of Sqvane P 





























breaking weights by flexure = 5- 
tively, which are all less than 6-18 tons or } O, by col. 4; the 
correction is therefore not required, as shown by the Table, tnt 
for the shorter lengths, 5, 6, 7, 8, and 9 feet, that correction i 
necessary, 
(294.) Table 58 may be adopted for conditions of fixing 
an th 


pointed,—one fiat, one pointed,—and both ends flat respectively. 
lar 6 inches square, 16 feet long = 36 tons by flexure 


n cipient crushing is not required (163). The 
same pillar with both ends flat= 36 x 8—-2=64 tome 
breaking weight by flexure, which being greater than 24-8 orf 

rection for crushing will be necessary. 1g 
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inch, with 2063 Ibs. in the centre; hence the rule in (18), 
namely W =w x 1+(8x4), becomes 2063 x 12 + (-0785 x 4) 
=78840 lbs. or 3572 tons breaking weight as a pillar 1 inch 
aquare, the strain being in the centre, or the pillar having 
pointed ends. By (361) the ratio of the strongth of square to 
round is by experiment 1°5 to 1-0; hence we haye 35-2 1-5 
= 23°5 tons for a round pillar 1 foot long: calculating in this 
way, we obtain col. 2 of Table 60, which gives the strength 
with various lengths. 

Mr, Hodgkinson found by his experiments that the 
of cast-iron pillars is governed by L'*, instead of L* as by 
theory :—the effect of this divergence is very great, for instance, 
with a Jongth of 10 feet, L* = 100, but L?7 = 50 only, giving 
thus double strength to that due by theory for that particular 
length. By col. 1 of Table 34, the experimental strength of a 
pillar 1 inch diameter and 1 foot long, with both ends pointed, 
is 14°73, or say 15 tons, and admitting the strength to be 
inversely as L'7, we obtain col. 3 of Table 60, which shows that 
the theoretical and experimental strengths agree when the 
length is about 44 foot, or 54 times the diameter. 

The length with which theory and experiment agree will 
not, however, be the same for all diameters, because 
to theory, the strength varies directly as D‘, whereas by ex- 
periment it isas D’", Thus, if the strength of a pillar 1-inch 
diameter = 1-0, then another of the same length, but 6 inches 
diameter, would by theory have a strength of 6* = 1296, whereas 
by the experimental ratio it would be 6** = 633 only, or about 
half. The effect of this divergence of the laws is shown by 
‘Table 60 to be that with a pillar 2 inches diameter, the results 
coincide with a length of about 11} feet, or 70 times the 
diameter: with a 38-inch pillar they coincide with a length of 
19} fect, or 78 times the diameter. 

(298.) “ Wrought Iron.”—By Table 67 a bar of wrought iron 
1 inch square and 1 foot between supports, loaded transversely 
with 2000 Ibs., or +893 ton in the centre, deflects “0313 inch; 
hence the equivalent lond as a pillar’ will be 893 x 12 
(-0813 x 4) 6 tons, breaking weight of a pillar 1 inch 
aquare and 1 foot long, with both ends pointed. From this we 
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obtain by the ratio given in (225) 85-6 + 1-7 = 50-4 tons for 
8 cylindrical pillar 1 inch diameter and 1 foot long. By col. 1 
of Table 34, the experimental strength is 42°79 tons:—this 
ratio, 50-4 to 42°79 will prevail for all lengths, for, as we 
have seen in (296), the strength varies inversely as L’, both 
theoretically and experimentally. But it will not be the same 
for all diameters, theory giving D‘, and experiment D*", the 
effect of which is shown by Table 61, whore col. 2 is the 
theoretical, and col. 3 the experimental strength for different 
diameters. It will be observed that the two rules agree in 
their results with a diameter of 67 inch :—with larger diameters 
the theoretical results are in excess, and with smaller diameters 
in defect. 


Taste 61.—Prians of Wnovont Tnox and Sreei: comyarison of 
-y and Experiment. 


Diameter. , | Expertmuent. 
Inches. | “are 


(299) “Steel Pitlars."—By Table 67, 9 bor 1 inch square 
and 1 foot long between bearings, loaded transversely with 
5600 Ibs in the centre, deflects +0802 inch: heneo 
(188) W = 5600 x 12 + (-0802 x 4) = 


of Table $4=48-44 tons. With Stecl, ax wo found with 
‘Wrought iron, a comparison of the theoretical with the experi- 
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mental strongth will not be affected by the length, both 
materials boing governed by 1; but the dinmoter affects the 
comparison considerably, as shown by Table 61, where col. 5 
follows the thooretical law D', and col. 6, the experimental law 
D**, the two laws coinciding nearly in their results with the 
diameter of 0-74 inch, 

(300.) The superiority of steel over wrought iron as a pillar 
is shown to be remarkably small: with 1 inch diameter and 1 
foot long, theory gives 50°4 to 55-0, or 55-0 + 50°4 = 1°09, 
an increase of 9 per cent. only. The experimental strengths 
are 42°79 and 48°44, or 48-44 — 42-79 = 1°13, an increase of 
18 per cent. This applies to long pillars only; with short 
pillars requiring correction for incipient crushing the superior 
crushing strength of steel will give it much greater advantage 
as a pillar, We have shown (133) that the value of © for 
wrought iron in pillars is 19 tons por square inch, whereas for 
Steel (268) it is as much as 52 tons; a very short steel pillar, 
where the strength depends almost exclusively on the resist 
ance to crushing, will have 52 = 
of a similar one of wrought iron. 

01.) From the preceding investigation it will be evident 
that in pillars of cast iron, wrought iron, and steel, the diver 
gence of the theoretical from the practical laws governing the 
strength, renders the former unreliable for those materials, 

Fortunately, under these circumstances, we have practical 
rules whose genoral accuracy has boon exporimentally proved 
as shown by our various Tables, and more particalarly by (959) 
and Tablo j 

(802.) “ Timber Pillars.’ —The experiments on Titnber pillars 
in Table 57 show that they follow precisely the theoretical 

L’, which simplifies comparisons vory considerably. 
Unfortunately the experimental information available is very 
scanty, this however will only enhanco the value of the theo- 
retical investigation, as we shall obtain thereby a knowledgo of 
the strength of pillars for many kinds of Timber of whieh 
nothing is known experimentally. As the few experiments we 
have agree well with the theoretical results, as shown for 
Dantzic Oak by (189), we may havo the more confidence in tho 
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both ends pointed 2419410 x -0046 = 11100 Ths., col. 1 
Table $4 gives 11150 Ibs.: Pitch-pine = 1224840 x -0046 = 
5634 Ibs. Table 34 gives 5600 Ibs.: Cedar = 448287 x 0046 
= 2246 Ibs., Table 34 gives 2247 Ibs, &e. 


CHAPTER IX. 
ON THE WRINELING STRAIN. 


(304.) When a rectangular pillar is made of thin 
iron plates, and the sizes aro such as to proclude yielding by 
flexure, it is necessary not only to have suflicient area to resist 
crushing, but also considerable thickness to prevent failure by 
Wrinkling or Corrugation. 

Let Fig. 58 be a square pillar so short in proportion to the 
side of the square us to avoid the probability of failure by 
bending, We havo scon in (201) that the absolute crushing 
strength of wrought iron in the form of pillars is 19 tons per 
square inch; but if the plates are very thin, and the breadth 
unsupported, or the distance, say from A to B, very consider 
able, the plate would fail by wrinkling or corrugation near the 

ine O, with a strain much less than that required to crash 
the material. At,and near the corners, wrinkling would be pre- 
vented by the support which those corners afford, but the centre 
is only imperfectly supported by them, and the more imperfeetly 
as the breadth of the plate, or the distance from a corner is 


59 is half the tubular pillar Fig. 58, and we 

lent, that the edges D and E being sup 

or from I’ and G, will fail by wrinkling 

8 than the plate A, B, which was supportal 

‘h the distance from a support is the same 

. 60, we have a pillar where the distanct 

H, J, or the distance from a support on one side is th of the 
width of the plate A, B, which was supported on both sides — 
in the absence of experimental information we may assume that 
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this would probably give equality of strength, the edge J failing 
hy wrinkling with the samo strain per square inch us the centro 
C of the wide plate A,B, In Fig. 61, wo havo the application 
of the same principles to a pillar of I section, the analogy of 
which with Fig. 60 is obvious :—this will be useful when wo 
come to consider the crushing strain on the top flange of a plate- 
iron (395) or lattice girder. 

(306.) A rectangular pillar of thin plate-iron may fail in 
one of three ways. Ist, by Flexure ; 2nd, by Crushing; 3rd, by 
Wrinkling ; each being governed by laws poculiar to itself and 
differing from the other two. Of course it will actually fail 
from that particular strain to which its power of resistance is 
the least. 

Taking No. 15, in Table 55, a8 an example; col. 9 shows 
that by flexure it would fail with 2,628,000 lbs, or 1173 tons, 
and the area by col. 4 being 1-532 square inch, this is equal 
to 11738 = 1-532 = 766 tons per square inch. But we havo 
seen (201) that the absolute crashing strength of wrought iron 
in pillars is only 19 tons per square inch, or jth of the 
theoretical breaking weight by flexure in this case. Col. 12 
shows that even this reduced atmin was not borne by the 
pillar, which really failed by wrinkling with 7-108 tons per 
square inch, or little more than jrd of the crushing strain, 
and y},th of the strength duc by flexure: thus by 

Wrinkling Crushing Flexuro 
the breaking strains por square inch, were 
7108 19-0 766 tone 
the Ratios of which are :— . 
10 27 108 
Here evidently the pillar failed by Wrinkling, the actual 
load being y},th only of the bending strongth and 
gizth of the crushing strength. 

By incroasing the length of tho pillar, tho resistance to flexure 
might be reduced until it became even less than the wrinkling 
strain: thus, for the sake of illustration, with 10 times the 
length the resistance to flexure (being proportional to L*) would 
become 766 + 100 = 7-66, or nearly the wrinkling strain. 


f 
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With intormediate lengths we should obtain a mixed rosuli 
part of the strength being employed in rosisting flexure, and 
part in resisting “incipient wrinkling” (249), (253), In 
searching for the laws governing Wrinkling, it will 
‘be necessary to take the experiments on short pillars, where the 
strength is dominated almost exclusively by that strain. 

(807.) “Laws of Weinkling."—The laws governing the 
wrinkling strain may be obtained from Mr. Hodgkinson’s 
experiments on square pillars in Table 55, and on tubular 
beams of thin plate-iron in (406), and Table 77. They may 
be expreesed by the rules :-— 


(808.) Ww = 0 ty by X Maw 
(309.) t= (We x ATE Mx) 


(810.) by = (vin x Me = Ww) 


(811) My = Ww X V by be 


In which Wy = the compressive strain in tons per square inch 
with which the plate will wrinkle; t= the thickness of the 
plate in inches; by = the breadth in inches of a plate supported 
at both edges, as in Fig. 58; where the corners are connected by 
angle-irons in the usual way, the breadth must be measured 
between their edges, as at C in Fig. 62. When the plate is 
supported at one edge only, as in Fig. 59, four times the dis- 
tance projecting beyond the angle-iron must be taken for the 
valuo of by, as explained in (805). My = the Multiplier found 


shown by Table 62. 
kling strain for plates of different 


bate o 
80. Thus taking No. 15 as an example which failed with 72 108 
tons per square inch by col. 12; then rule (311) becomes 7-108 
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x of 8175 + 061 = 82-29, the value of My, ax in Table 62: 
for the valuo of My for Beams, see (322). 

Col. 11 of Table 55 has been calculated by the rule (308) ; it 
will be observed that the actual experimental strain in col. 12, 
is often less than the wrinkling strain in col. 11; this is due to 
the fact that the strains in col. 12 are complicated by flexure 
(306), nnd are affocted by the length of the pillar, as shown for 
example by Nos. 27, 28, and 29. 


Taute 62.—Of the Vanor of My for the Resisraxcx: of Tax 
Werovonr-mos Puares to Waixkutsa. 


epic | a merasoctas Pauase 
We 
2 | 10-783 x E05 + “0087 
| 7-108 x 8175 “61 
162 x AT +196 
12°24 x SES 085 
5°537 x af E1 + “03 














(818.) Tt should be observed that tho wrinkling strain is 
indopendent of the Jenpth of the plate; this is shown by the 
x 
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same experiments, for although with lengths of 10 and 2h feet 
respectively, the actual compressive strains in col. 12 varied 
from 4-902 to 5°537 tons per square inch, when correction is 
made for flexure, and the effect of the length is thus eliminated, 
col. 8 shows the same error in both, or 22°2 and 22-4 per cont. 
respectively, 

Another proof that the wrinkling strain is independent of 
length, is that even with long pillars, the plate often fails near 
the end; for instance, No. 2 was 10 fect long, but failed by 
wrinkling 14 inches from one end. No. 8 was 5 feet long, bat 
gave way at 7 inches from one end. Now the crushing strain 
due to flezure is a maximum at the centre, and is reduced pro- 
gressively towards the ends, where it becomes nil; but the 
crushing strain due to direct preasure ix the same from end to 
end. These two facts, that the length has so little effect on the 
strength of the pillar; and that failure by wrinkling takes place 
indifferently in any part of the length, show that the wrinkling 
strain is independent of the length of the plate. 

(814.) An obvious and economical method of increasing the 
strength of a plate in resisting wrinkling, is by adding vertical 
ribs ux at A, B, &e., in Fig. 62, which in effect reduce the 
breadth, and thereby inerease the strength in a much higher 
ratio than the weight:—thus one central rib reduces the width” 
to half, and the wrinkling strain is incronsed in the ratio of /2 
to 4/1, or from 1*0 to 1-41, or 41 per cent. Similarly two ribs 
give an increase of 4/8 = 1-73, or 73 por vent., &e. 

(815.) Tt should be observed that the total wrinkling strain 
increases in a much higher ratio than the square-root of the 
thickness which governs the resistance per square inch only: 
thus for thicknesses in the ratio i 


1 3 4 5 & 


the wrinkling strain per square inch follows the ratio ./f, and 
becomes,— 


5 Umer OS Wm 2 224 B45 


But the areas are algo increased in the simple proportion of 
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thickness, und the fofal strains aro therefore increased in the 
ratio, of ty X ty, or fy", and become :— 

1 282 52 8 ne 47 


See (396) and Tables 74 and 75, 

The total strain due to flexure is practically simply propor- 
tional to the thickness of the plate:—thus with a pillar 12 
inches square externally,and 1, inch thick, therefore 11] inches 
internally, D’* — d** becomes 284 :—with | inch thick, there- 
fore 11] inches internally, D’* — d°* = 559, which is nearly 

ional to the thickness. 

(816,) Another result of tho rules is that in order to obtain 
equality of strongth im a rectangular pillar other than square, 
the thickness of the plates should be simply proportional to the 
breadths :—thus, if the ratio of the sides is $ to 1, the thicknesses 
should be in the same ratio (472). 

The absolute crushing strougth of wrought iron in pi 
19 tons per sqaure inch, and in ordor to obtain tho full value of 
the material, the wrinkling strain should not be leas than that. 
For example, No.4 in Table 55 failed with 5:926 ] 
square inch, col. 12, being very nearly the calculated W: 
strain in col. 11, whereas by crushing it would not 
with less than 19 tons, so that 5-926 +19 
per cent. only of the strength of the material is w 
69 per cont, is wasted. Wo can easily find t) 
breadth to the thickness which is necessar, 


breadth of « plato supported at both edges to 

tons will be given by the rule (310), whi 

Ss 80+ 19f = 17°72, or say 18 inches. 
plate supported at ‘one edge only, woul I 


direct pressure ad in a pillar, and they may be taken ai 
applicable to all thicknosses. 
(817.) For plates 1 inch thick forming part of a 
tubular beam or girder, and supported at both odges a 
58, the vyaluo of My = 104, and the rule (210) gives the eat 
x2 
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the effective width of the g-inch plate wonld be 5 fect 
5} inches, and the wrinkling strain by the rule (08) becomes 
4/625 = 65°75 x 80 = 7-8 tons per square inch, which is 
7-8 +19 = -41, or 41 per cent. only of the maximum strength, 
and thus 59 per cent. would be wasted in that ease. 

‘The vertical ribs would not only increase the strength of the 
thin plate, but would also yield their full quota of strength to 
the picr in the simple proportion to their own area or weight. 
The additional strength to the plates is thus a clear nef adh 

If the pillar is of considerable length it would be expedient 
to make it cellular as in Fig, 54, rather than a simple square as 
in Fig. 62. See (266). 

(819.) * Wrinkling Strain in Beams.”—In an ordinary reet- 
angular tubular beam, supported at both ends, a transverse load 
causes a compressive strain on the top plates, With very thick 
plates tho limit to that strain is the crushing strength of the 
material, or 19 tons per square inch, but with ordinary thick- 
nesses and breadths the plate will fail by Wrinkling with a 
much lower strain, as shown by col. 12 of Table 77. 

We have first to ascertain the longitudinal compressive strain 
from the transverse load, &c., which will be given by rule (514). 

Thus, taking No, 5 in Table 77 as an example, whose section 
is shown by Fig. 63, the rule (514) for finding f becomes 


8 x 58-66 x 860 x 24 
2x {24° x 15-5) — (22-95? x 14-45} 





= 19°2 tons, 


) It will bo interesting and instructive to check this 
rosult by an analytical invostigation. Tho beam being 80 feot 
long supported at each end, our first step will be to reduce it 
to the equivalent case of a cantilever of half the length, say 
built into a wall, and loaded at the end with half the central 
load. See (388) and Figs. 91, 92. 

Assuming the value of f, or 19-2 tons per square inch, as the 
maximum strain nt A and B in Fig. 63, this is reduced at © and 
D, or the centres of the top and bottom plates to 19-2 « 28-475 
> 24 = 18°78 tons per square inch, this being simply propor- 
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tional to the relative distances from the neutral axis N. The 
area of say the top plate being 15-5 x +525 = 8-137 square 
inches, and the Ieverage by which the strain acts in supportifig 
the Toad at W, 25-475 and 180 inchos, wo obtain 8-187 x 18-78 
23-475 + 180 = 19-93 tons at W, and as we bave taken for 
the leverage the whole depth C, D, not the distance from the 
neatral axis N to C or D, this will bo tho sum of the resistances - 
of tension at © and compression at D, which in that case occupy 
the positions of fulera und resistances to each other reciprocally. 

Following the same course with the sides, we have below N 
the area of the two half sides = 22°95 x +525 = 12-04 square 
inches. Tho mean resistance at o and p will be proportional to 
the distances from N: hence 19°2 tons at A ia’ reduced to 
19-2 x 11-475 -~ 24 = 9-18 tons per square inch at o and p. 
By (495) it is shown that the true monn is not found by 
taultiplying the area by the mean tensile strain and the moan 
loverage simply, but by 4 of that product. Then we obtain 
(12°04 x 9°18 x 11-475 x §) + 180 = 9-4 tons at W, as the 
resistance of the sides, making o total of 19-93 + 94 = 29-33 
tons at the end of a cantilever 15 fect long, which ix equivalent 
to 29-83 x 3 = 58-66 tons in tho centro of the girdor 30 fect 
long, agreoing precisely with the experiment; col. 8 of Table 77. 
See (412) and (414), 

(821) The value of f in col. 12 of Table 77 has been cal- 
culated by the rule (514); it represents the maximum strain at 
the edge of the section due to the tranaverse load, but does not 
determine whether failure takes place by wrinkling or by 
crushing. When, however, f is much loss than 19 tons per 
square inch, the plate must have failed by wrinkling; in two 
euses, Nos, 13 and 15, f was greater than 19 tons, namely, 
28-13 and 24-56 tons respectively, which must be regarded as 
exceptional and anomalous. ‘They may be accounted for by the 
yariablencss common to all materials under all kinds of strain, 
as shown by Table 147, which gives for Boiler-plate under 
tensile struin 29 per cent. in oxcoss of the moan strength, col. 1. 
Tn our two eases tho excess was 22 and 29 por cont, respectively 
under wrinkling or crushing strains, 

(822.) * Value of My for Beams.” —Tho experiments in 





the top plaje. Selecting cases where the top Papen 
were of one and the same thickness, and where the results are 
likely to be more correct than under other conditions, 
also the anomalous cases Nos. 13 and 15, we obtain Table 62; 
the mean of the whole is 104, which is 30 per cent. hi; 
than 80, the mean value of Mw for pillars where the plate is 
subjected to direct compression (812). We found the same 
remarkable difference to prevail in the crushing strength of 
Wronght-iron and Steel, the former giving 26 and the Iantter 
18 por cont, greator resistance in Beams than in Pillars (133). 
‘The variations in the value of My for beams in Table 62 are 
117-1 + 104 = 1-126 or + 12-6 per cent. and 85-1 > 104 
= ‘818 or — 18-2 per cent, which ate not greater than the 
variablencss of plate-iron under tensile strains, namely + 29 
and — 33 per cont., as shown by Table 149. ‘This is the more 
satisfactory when it is remembered that the thicknosses ranged 
from -03 to -75 inch, or 1 to 25, and the breadths from 1-9 to 
24 inches, or 1 to 12:6. These relative numbers, however, fail 
to give an adequate idea of the great differences of the dimen- 
sions: Fig. 100, where the beams are drawn to the anne seale, 
will convey a clearer conception, It should also be observed 
that the largest and the smallest beams give nearly the same 
value for My, namely, 100-4 and 106-4 respectively, and that 
both differ but little from 104, the mean value of the whole. 
‘The application of the laws of Wrinkling to rectangular 
pillars is shown by (249), and to Tubular Boas by (406), dee. 


CHAPTER X. 


ON THE THANSVERSH STRAIN, 


(823.) The general investigation of the Transverse Strength 
of Materials is complicated yery much by tho variable con- 
ditions in the mode of fixing and loading. It will therefore be 
expedient to take first a standard case, say that of a horizontal 
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beam supported at both ends and loaded with a deed woight in 
the centro: the effect of other conditions may be considered 





afterwards, 
For solid Rectangular sections we have the Rules:— 
(324.) W=D?xBxM,+L. 
(325.) D = /Wx L)+(M; xB). 
(826.) B =(W x L)+(D? x M,). 
(827.) Mz = (W x L) + (D? x B). 





(828.) For solid equare sections :— 
W=DxMr+L. 
(329.) For hollow square sections :— 
D-a 
D 
(880.) For hollow rectangular sections :— 
waGxB(@exd) 


W= 





Mr+L. 
(881) For solid cylindrical sections :— 

W=D)x Mr+L. 
(332.) For hollow cylindrical sections — 





(888.) For solid Elliptical sections :— 
W=D3x Dyx Mr+L. 
(884.) For hollow Elliptical sections:— 
3 
we Bere Da its) xMp+L. 
> 


In which D =the external, and d = the internal depth, in 
inches. 

» B =the external, and 6 =the internal breadth, 

in inches, . 
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In which D, =the external, and d, = the internal 
in inches. 

Dy = the external, and dy =the internal depth or 
vertical diameter in Elliptical sections. 

D, = the external, and d, = the internal breadth or 
horizontal diameter in Elliptical sections. 

L = the longth of the beam in feet, 

W = the load in Ibs, tons, &c., dependent on the 
torma of My. 

M, = Multiplier which varies with the Material, mode 
of fixing, loading, &.: the vulue for rect- 
angular and cylindrical beams is given by 
Tables 64,65, a, and tho Ratios in (359), (362). 

(835.) The value of M, may be found from direct experiment 
by rule (827). Its most useful value is when W = the ultimate 
or breaking weight in the centre of rectangular beam sap- 
portod at both onds :—in that caso it is simply the breaking load 
of a beam 1 inch square and 1 foot long. 

Table 64 gives in col. 7 the mean Pits of M, for the breaking 
weight of 54 kinds of British cast iron at 2063 Iba, or 18-4 
cwts,, or *92 ton, and of course W will come out in Ibs., ewt., 
or tons according to the Multiplier used :—eol. 10 gives My for 
the safe dead load, which is taken at jrd of the breaking weight, 
This Table is based on Fairbairn and Hodgkinson’s experiments. 

Table 65 gives the value of M, for Timber, and Table 664 
reduced and condensed general summary. ‘Table 67 giyos the 
‘Transverse strength in connection with the Stiffness for the Safe 
working load as well as for the breaking weight: the ratio 
which these should bear to one another, or the “ Factor of Safety,” 
varies with the nature of the material and the character of the 
Strain, &e. 


trated by examples, Thus to find the breaking weight for a 
beam of English Oak, 12 inches deep, 6 inches wide, and 15 feet 
long ;—we may take My from col. 6 of Table 66 at 2272 ton; 
then the rule (82 L) becomes 12° x 6 x -2272+15 = 13-1 
tons breaking weight in the centre. Again: to find the depth of 
a beam of Riga Fir 10 feet long, 3 inchos wide, to carry the 





TERASSVENSE STRENGTH OF TIMBER. 189 


‘Tauix 65.—Of the Traxsvense Sraxxotn of Tosaee, or the Value 


Authority and Number of 
Experimenta 


P. W. Barlow. 
; Ebbels. 


6 Barlow. 

8 Peakennd Barrallicr, 
2P. W, Barlow, 

1 Ebbels 

1 Trodgoid. 


Denison. 


8 Barlow. 
1 Ebbels, 


Denison. 
Nelson. 
Denison. 

2P. W. Bartow. 

1 Ebbela. 

4P. W. Barlow. 
Nelson, 
Barlow. 
Denison, 





1 Trodgold, 
Nelon, 


Denison, 








| 2P. W. Barlow. 
| 1 Bbbela 
| 
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‘Taste 65.—Tranaverse Srrencra of Timper, &.—continued. 





Kind of Wood. Max. | Min, | Mean, SS See 


Experiments. 





Ibs. | tbs. | ths. | tons. | 
green ..| .. |. | 480 | -2140 | 1 Bbbels, 
308 | 4 2 Beunfoy. 
6 Burlow, 


Ebn, Wye 
Vir, Riga 




















rae Seon os 27 Peake and Barrallier. 
in ae WORDS 6 BT ig "4 





Dantzic 
Mar Forest 
Reoteh 
Spruce 
Larch... 


4 ¢ » 
9 Barlow. 

1 Ebbels, 
rae 

13 Barlow. 


Lignum-Vitw 
shogany, Spanish 
Hondaris | 














» Nassau | 
= A | Wong 
Maple, | +2522 | Denison 


+2120 | 6 Barlow 








Oak, E 508 | 808 
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Tasty 65,—Tranxevense Strenatn of Truper, &e.—continued. 








. " i Authority snd Number of 
Kind of Wood. Max. | Min. Mean. ‘Experimenta, 





. ths, | ibs, 
Onk, African +» [1085 | 904 


4P. W. Barlow. 















” . Barlow. 
at Ai Nelson, 
or ia Moore, 
ee Denison. 
Memel Moore. 
Atalion 58 
Pine, Med 8 Barlow. 
s 8 Nelson, 
nt Young. 
fe se Moore. 
& Denison. 





8 Barlow. 

24 Beaufoy. 
7 Peake and Barrallier. 

Denison. 








. Yellow 6 Peake and Barrallier. 
" ” Moore. 
” ” Barlow. 


Denison. 








3 | 7 Peake and Barrallicr, 











wil Nelson. 
an" Young. 
“ae Denison, 
Q Dantzie Moore. 
» Mem s 
1 Riga. x 
” * . Burlow. 
2) Archangel | 2040 | Moore. 
Plane-tree .. +2710 | 1 Ebbels, 
Poplar, Lombard “67/14 
» Abele [iis ve 
Spruce Moire. 
» American | Denison. 








Sycamore +2388 | 1 Ebbels, 





Teak . | “3660 Barlow. 
moe 2047 | 2 Peake and Barrallier. 
re | +2896 | Nelson. 
wee “2924 Denison. 

Willow +1629 | Tredgold. 








“2174 | Ebbels. 


Walnut (green). 
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ORI 425 
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Red... 2900 413 
*2800, 367 
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working load of 1900 Ibs. in the centre:—wo may take My = 
78 Ibs. from col. $ of Table 67, and the rule (325) become 


4/1900 x 10) = (78 x 8) = 9 inches, the depth required 
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Agnin: to find the breadth for a beam of Pitch-pine, 12 foot 


long, 10 inches deep, to break with 24,000 Ibe, 
taking M, from ool. 6 of Table 66, at 577 


‘becomes (24000 x 12)+ (100 x S77) = 5- 


breadth required, &c. 


in the centre :-— 
Ths., role (326) 
16 inches, the 


Tame 67.—Of the Taaxsvesse Sreexora and Srivress of Braus, 


1 inch square and 1 foot long. 


Thimate | Safe Working | Restiience in 
Strength. Wwad Load. | Ench-Pounds, 





Dele | Welgtit| Defloe-| 5, 
om to | in q 
Hoohws,| coon, | Male. 
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“176 
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“Old Rule."—The rule (329) oe teh that ii 
bections the strength is proportional to s 5 


‘ory commonly used by practical men is:— 
(837.) W = (D’-@) x My 


iagedown ad 
in hollow square 


The old rule 
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Tn this rulo a hollow beam is considered as 

solid beams, one having the external, and tn oer a ieee t 
dimensions; then tho, strength of the smaller one subtracted — 
from that of the larger was supposod to give the strength of the 
hollow one. But it is overlooked that the ultimate deflection is 
inverscly proportional to the depth (694), and that the full 
strength will not be realised if that deflection is not permitted. 
For instance, in Fig. 64, the hollow beam A is supposed to be 
composed of the two solid beams B, Tig, 65, and O, Fig. 66, but 
the ultimate deflection of the two latter will be in the ratio 

1 to 2. Now, when combined as in A, and when breaking with 
the deflection due to B, the deflection of C is half only of that due 
with its own breaking weight, therefore half only of its strength 

is to be subtracted from the full strength of B in order to find 
the real strength of A. By tho old role the strength of A 
would be 4* — 2°, or 64 — 8 = 56, but allowing half of C only, 
we obtain 64—4=60 as the actual strength. We should 
obtain the same result by the rule (329), namely ye or 


i — 
in our eno “7 or MOE a 249 — 60, as bofur, 
which is 60 + 56 = 1-07, or 7 per cent. in excess of the old 
rule. 

(838.) Again: in Fig. 67, the internal dimensions are } of 
the internal ; for the former we bave 4°= 64, and § of the Tatter 
becomes 3* x } = 20-25; hence the strength of the hollow 

. i 
Venm is 64 — 20:25 = 43°75. The rule (929) gives ei 

Bi 
or R= SE, M5 _ 49-75 also. ‘The old rule gives 
4° — 8)° = 37, tho correct rule boing 48°75 + 87 = 1°18, or 
18 per cent. in excess of the old one. 

Again: in Fig. 68, the internal sizes aro } of tho external; 
hence, instead of deducting 34° = 42-875, wo have to deduct 

42-875 x T+ 8 = 87-5, and we obtain 64 pal 5 = 26-5 for 


the hollow team, By rule (329) *—°H 
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= 26°5 as before. By the old rule 4° — 34* = 21-125; 
the correct role being 26-5 + 21-125 = 1-254, or 25-4 per 
cent. in excess of the old rule. 

From all this we find that the old rale is entirely incorrect ; 
and, further, we have the result that the orror increasos with 
tho relative thinness of the metal. Thus with metal 1, 3, and 
} inch thick, the error in our case was 7, 18, and 25-4 por cent. 


respectively. 

(889.) The same erroncons method of calculation (337) is 
very commonly applied to girdors of the ordinary flanged type. 
‘Thus in Fig. 69, A is the section of a girder, which is fre- 
quently considered as composed of two plain sections B and 0 :— 
then for B by the rule (324) we have 9* x 3 = 241, and for C, 
7 x 2} = 110-25, from which A becomes 241 — 110-25 
= 130-75. But by the correct rule (330), we obtain 


, _— 
x?) 3 X24) _ 157-3; « difference of 157-3 + 180-75 
= 1°20, or 20 per cent. 


SPECIAL RULES POR CAST IROX. 


(340.) The Rules in (823) aro perfectly correct for all 
materials so far a5 solid sections aro concerned, but for hollow 
tubular, and ordinary { and J sections in cast and wrought iron 
they are not correet except for very light strains. The rales are 
absolutely correct for those cases only where the Tensile and 
‘Crashing strength of the material and the corresponding extensions 
and compressions ure equal to one another, and this, as shown 
by Table 79, is not the case with any known material whon 
strained nearly to the breaking point. With cast iron the ratio 
of those strains is 1 to 6, and special roles become necessary 
when we would calculate the breaking weight. With wrought 
iron there is much greater equality botwoon T and C, and the 
ordinary rules would be nearly correct but for the fact that in 
thin plates of wrought iron there is a tendency to wrinkle or 
become undulated under a compressive load with a strain much 
Tess than is necessary to cresh the material. The great 
Strength of cast iron in resisting compression, and the great 

02 
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weakness of wrought iron, necessitate special rules for beth 
mutorials, differing from one another, and differing also from 
the ordinary rules for other materials whose tensile and 
crushing strengths are more nearly equal. The necessity for 
special rules will be made apparent by comparing calculation 
with experiment. It is probable that with the working loads 
commonly adopted in practice, say {rd of the breaking weight, 
the ordinary rules will be sufficiently correct for practice (358); 
the usual course, however, is to calculate the breaking weight, 
and then to find the working load by the use of the “ Factor of 
Safety” (880). 

(841.) The bost rule we can give for Cast-iron beams is an 
Empirical onc, and is based on tho assumption that the resist- 
ance to compression is infinite, and as a result, that the neutral 
axis coincides with the edge of that part of the section sab 
jected to compression. ‘This assumption is manifestly not 
absolutely true; nevertheless, we shall obtain with cast iron 
more correct results on that hypothesis than with any other. 

(342.) “Beams of 1 and T Section."—The best evidence of 
the necessity for special rules for cast-iron beams is given by 
sections of this form. Let A,in Fig. 70, be such a section. 
By the old method of calculation (889) this would be regarded 
as two solid beams, B and ©; for B we have 8" x 6 = 834; 
for C, 7? x 5 = 2 hence A becomes 384 = 245 = 189, whieh 
is the reduced value of D* x B. Now, if we reverse the 
position as at D, we should by this mode of calculation obtain 
precisely the same result, whereas it is well known by expeti- 
ment that with cast iron there is a great difference of strengil 
in the two positions, A being mnch stronger than D. 

of calculation we inst ealentate im both 

then with A we have for the vertical wel) 

, bottom flange (8* — 7°) x 6 = 90; the 

sum of the two = 12 ‘the same as by the old method. But 

with D we have for the top flange I* x 6 = 6, and for the 

vertical web (8* — 1*) x 1 = 63; the sum of the two is 6+ 

= 69, which is very ne: half the strength in the other 
position, namely 139. 

(848.) Mr. Hodgkinson made experiments on beams E and f 
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in Fig. 71; E broke with 1008 Ibs.: and F with 270 Iba.; the 
ratio being 1008270 = 3-73 to 1. The length betwoon 
supports was 4°25 fect. Calculating from the line N, A, in 
hoth cases we have with E, for the vertical web 1-1" x f= 
+802, and for tho bottom flange (1°35* — 1-1") x 4 = 2-45: the 
sum of the two is “302 + 2°45 = 2-752, which is the reduced 
value of D* x B in rule (824), and taking M, = 2068 Iba, we 
obtain 2-752 x 2063 + 4°25 = 1936 Ibe. 

In the position F we have for the top flange +25" x 4 = +25, 
and for the vertical web (1-35' — -25") x +25 = -d4:—the 
sum of the two = -25 + -44 = -69, which is the reduced value 
of D* x B, and rule (824) becomes -69 x 2063+ 4-25 = 
835 Ibs. The ratio of the strength in the two positions is 
1886 + 835 = 3-988 to 1: experiment gave 3°73 to 1. 

(844.) In Fig. 72 we have sections of similar beams experi- 
mented pon by Mr. Hodgkinson, the length between xapports 
being 64 fect; G broke with 1120 Ibs, and H with 364 Ibs, 
the ratio being 1120+ 364 = 3-08 to 1. Calculating from 
the line N, A as before, with G we have for the vertical web 
1-26" x 365 = -58; for the bottom flange (1-56 — 1-26") 
x 5 =4°23. The sum of the two = -58 + 4°23 = 4°81, with 
which rule (324) becomes 4-81 x 2063 + 6°5 = 1626 Ibe. 

In the position H, we have for the top flange -3* x 
for the vertical web (1-55" — -8") x -36 = +8325 sum 
of the two = -45-+ -8325 = 1-2825, with which rule (824) 
becomes 1-2825 x 2063 6-5 = 407 Ibs, giving os the ratio 


would usually be foond in practice, but were designed for the 
special purposes of research, the calculated results are perhaps 
as correct ax could be expected. : 

(845,) * Hollow Rectangular Beams.”—Let Fig. 78 be the 
section of a hollow beam 4 inches square externally, 3 inches 
internally, 6 feet long, M;=-92 ton. Calculating from the 

N, A, D' x B becomes for the top plate a, -5* x 4 
two sides b b, (34° — }") x 1 = 12-0; and for 
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the bottom o (4? — 8}2) x 4= 15-0. ‘The sum of 
1 +12 + 15 = 98, with which tho rule (824), or W = D¥x 
x Mr+L, becomes 28 x "92+6 = 4-293 tons breaking 
weight in the contre. 

By the old rule (337) wo should have had (4* — 3") x -92 


+ 6 =5-67 tons. By role ($20) wo obtain © 9) x 93+ 


6 = 6°71 tons. 

(346,) Wo have thus obtained three very difforent results, and 
in the absence of experiment should not know which was correct; 
fortunately, we have Mr. E. Clark's experiments on hollow beams 
of various sections by which the various rules may be tested. 

Fig. 74 is the section of u hollow square beam, the mem 
breaking weight of which with a length of 6 fect was 2°152 
tons, There were three experiments which gave 2-0, 2-05, and 
2°405 tons respectively. Calculating from the line N, A, asin 
the last example, we have for the top 3" x 3} =-439; for the 
two sides (2]" — 3) x } = 5°666; and for the bottom (3}*— 
23) x 3 = 6-885. Tho sum of tho three is 12-99; then rale 
(324) becomes W = 12-99 x +92 +6 = 2 tons nearly, agreeing 
precisely with one of tho experiments, but differing from the 
mean of the three 2°0-> 2-152 = -999, giving an error by 
Special Rule of 1-0 — -929 = -O71 or —7*1 per cent. 

If wo one the same beam by rule (829), we obtain 

to 
=i Gp X92 6 = 9-119 tone: hence 8119-22-18 
= 1-45, or an error of + 45 per cent. by the ordinary rule. 

(847.) Fig. 75 gives the soction of hollow rectangular beams, 
the mean breaking weight of which by Mr. Clark’s experiments 
was 2°3 tons, the length being 6 feot. There were four experi- 
ments, the maximum = 2-45, and the minimum = 2-2 tong 
Calculating from the line N, A, we have for the top, §* x 2°21 
= +8107; for the two sides (8-665" — 2) x } = 9-975; and 
for the bottom 4° — 3-665") x 2°21 = 6-088. The sum 
of the whole is 19; then the rule becomes 16-319 x -92 
+ 6 =2°502 tons; hence 2-502 + 2-3 = 1-088, or an error 
of +- 8°8 per cent, 
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By rule (830) we obtain Of x 2° a8 29° x 1-46) 

* 92+ 6 = 8-558 tons:—hence $:558 + 2-3 = 1-547, or 
ea er ee bas T per cent. by the ordinary rule. 

(348.) © Circular Sections."—For circular sections, or cylin- 
drical beams, we inuxt still calculate from the top edge of the 
section, but shal! have to resort to analysis in the manner ex- 
Plained and illastrated for rectangular sections in (494), 

ing first a solid round bar I inch diameter, and 1 foot long, 
wo know (335) that a square bar of those dimensions would 
break with -92 ton, and admitting for the breaking weight 1-0 
to 1:5 as the experimental ratio of the strength of round to 
square bars (361), a round bar would break with -92 > 
6133 ton. Now by analysis, we have to reckon from t! 
N, A in Fig. 76; the maximum tension at C = 7-14 tons per 
square inch (4), therefore at B = 7-14+ 2 = 8-57 tons. The 

*7854 square inch, hence *7854 x tons :— 

but it is shown in (495) that to obtain the true mean, we must 
take $ of that product or 2°38 x 4% = 3-733 tons, Ro- 
ducing the case to a cantilever of half the length of the beam, 
a8 in Fig. 92, we find that the leverages by which the s 
8-793 tons acts are } inch and 6 inches, then the 
end of the cantilever ted Bev BE 29 + 


found before. 
(249.) Applying this method of calculation to 
cylindrical beams; Fig. 77 gives the section of th 
Mr. Clark's experiments broke with 2°0875, 2°3 
tons respectively, the mean being 2-287 tons, 
6 feet. The area of the section = 4°12 square | 
4-12 x 3-57 x 4 = 19-6 tons, which with leverages of 2 and 
36 inches, gives 19-6 x 2+ 86 = 1-09 ton at 
‘cantilever 3 foct long, equivalent to 1-09 x 2 


9-287 tons} hence 2°18 + 2-287 = -9533, or 
“0468, giving an error of — 4-68 per cent. 
By rule (832) taking the value of M, for the breaking weight 





(885) of cirenlar sections at -92-~ 1-5 = -6133, we 
8-875! — 3-195" “ 2 ee 
—srare — * “6188-6 =8 452 tons: hence 3-432 = 
2-287 = 1-50, or an error of + 50 per cent. by the ordinary 
rule. 

(350.) “ Girder-ections.”—The same method of calculation 
will apply to girdors of all sections with equal or unequal 
flanges. Fig, 78 is the section of one which by Mr. Hodgkin- 
son's experiment broke with 6678 Ibs. in the centre; the weight 
of the beam itself between supports 4} feet asunder was 32 Ibs, 
equivalent to 16 Ibs. in the centre, giving a total of 6678 + 16 
= 6694 Ibs. Calculating from the line N, A, and taking My 
= 2063 Ibs, we have for the top flange *42* x 1-76 = "31; 
for the vertical web (4-735? — -42*) x +29 = 6°45; and for 
the bottom flange (5-125* ~ 4-785") x 1-76 = 6-758: the sum 
of the whole is °31 + 6°45 + 6-758 = 18-518 which is the 


reduced value of D? x B in rule (324), which then becomes 
13-518 x 2063 + 4:5 = 6197 Ibe: experiment gave 6694 Ibs, 
hence 6197 + 6694 =+9258, showing an error of 1-0 — +9258 
= +0742, or — 7-42 per cont. 

By rale (380) wo should have had 


w= (:125" x 1:76) ~ (4:315* x 1-47) 
> ~ PD, 


2008 + 4-5 = 10680 Ibs.: hence 10630 + 6694 = 1-588, 
or an error of + 58°8 per cent, by the ordinary rule. 

(851,) As an example of tho application of tho special rales 
to girders with unequal flanges, we may take Fig. 79, whieh 
gives the section of girders of the proportions recommended by 
Mr. Hodgkinson, the ratio of the areas of flanges being exactly 
1to 6. Mr. Owen, the Government Inspector of Metals, made 
a series of xperiments on these girders, with very various 
kinds of British cast iron, some pure and others mixed ; this 
fact, together with the large scale of the experiments, enhances 
their value very much, ‘ho general results are given by 
Table 68: the maximum = 47} tons, the minimam = 30 tons, 
and the mean of the whole = 88-3 tons in the centre of the 
girder, 16 feet between supports. 
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‘a8 before from the line N, A, we have for the top 

x 8} =8-5; for the vortical web (12 — 1") x 1 

= 149-0; and for the bottom flange (14" — 12}") x 12 = 552. 

‘The sum of the whole = 3-5 + 149-0 + 552-0 = 704-5, which 

is the reduced value of D* x B in rule ($24), which then becomes 

704-5 x-92 16 = 40-5 tons: experiment gave a mean 

= 88-3 tons; hence 40-5 + 38-3 = 1-0575, or an orror of 
+ 5°75 per cent. by Special Rule. 

To calculate this girder in the ordinary way, wo shall 

have to modify rale (330), which then becomes in our case 


we (22s Sh] [et x “9216 


= 66-46 tons, giving an error of 56-46 + 38-3 = 1-475, or 
+ 47-5 per cent. 

(852) “ General Reeults."—The whole of these experiments 
on square, rectangular, circular, and ordinary girder sections 
with equal and tnequal flanges, show that the method of calou- 
Inting from the top edge gives in all cases the most correct 
results, the error in the five differont kinds of section by the 
special rules being — 7-1, +- 8-8, — 4-68, — 7-49,nnd + 5°75 
per cent. respectively; whereas by tho ordinary rules they wore 
+45, + 54°7, + 50-0, + 58-8, and + 47°5 por cent. respec- 
tively. It should also be observed that in the special rules the 
sum of the three — errors is 19-2, and the sum of the two 
+ errors is + 14°55, so that we have as a general average 
rosult (19°2 — 14-55) + 5 = 0-99, or loss than 1 per cent. 

(358.) It is shown by all theso experiments that the ordinary 
rules in (323), &c., give always much higher results than the 
special rules, the difference being 47-5 — 6°75 = 41°75 por 
cent. in the girder with unequal flanges (351), and 4-68 + 50-0 
= 54°68 per cent. with the ciroular section in (349). Now it 
is admitted in (510) that for small strains, say up to 4rd of the 
breaking weight, the ordinary rules in (512), &c., which aro 
based on the supposed equality of the tensile and compressive 

of the material, aro nearly correct. 

pc ‘Accarding to that, wo might calculate the safe load by 

the ordinary rule, while tho breaking weight must be found by 
the special rule. This method would conduct us to some curious 
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‘Taste 68.—Of the Cowranarrve Srnxnatn of Common and Srmitsals 
‘Toucuesnp Cast Inox, in Girders 16 feet long, &e. Fig. 7% 

‘Lond ip Centre, in Toon 

a 2s | 35 | 42 | 453 | 49 524 

Defleesion in Inches + Common Gast Aron. 

~62 | 1-12 = 

1d | 1-55 

1-53 

1°59 
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results: thus, taking for the values of M, =-92 ton for the 
breaking weight, and rd of -92, or -3067 for the safo weight, 
re a ere ale tan the latins by 
Tule, the safe load comes out considerably more than 

rope pay actrees in fuct more than } in some cases. 
For instance : for hollow equare beams in (346) the breaking 
weight by special rule = 2 tons, but by ordinary rale with 
M, = +92 we obtained 3-119 tons: obviously with M, = *3067, 
or 4rd of 92, we should have 3-119 + 3 = 1-0397 ton, which 


ing, woight by 

special rule and experiment, instead of jrd, as it would bave 
been if both had beon calculated by the same rule, 

(865.) This reasoning is certainly correct for cast iron with 


would be intermodiate between those given by 
It is therefore not quite correct to aesume that the ordinary 
rules will give the working load with “ Facto . 

_ (356.) In Fig. $1 we have a Dingram in whi 


excoas of the former. Now, we have sen that the ordinary 
nile is correct with 4th of the breaking woight, and the eal 
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rulo with the fall breaking weight:—then the line O, which 
connects those two points, should give the correct load 

out. Thus, at }th the breaking weight, or at D, the line C is 
exnotly intermediate between A and B, and the trae strength is 
an arithmetical mean between the two rules. For example: 
the hollow sqnare beams in (346) camo out 2 tons breaking 
weight by the special rule, therefore at }th, or with Factor = 4, 
wo have 2+ 4 = 0-5 ton working load. By ordinary rule the 
breaking weight was 3-119 tons, and for the working load we 
have 3-119+4=-78ton, Then, as by Dingram, the trae 
load for jth the breaking weight is an arithmetical mean 
betweon those results, and becomes (0°5 + 0-78) + 2 =-64 ton. 
Or we might have done it another way, by dividing the dif 
ference between the two rules into two equal parts; adding one 
of those parts to the calculated strength by the special rule, or, 
deducting it from that by the ordinary rule, we should obtain 
the sume rosult, ‘Thus, in our case ("78 — +5) 2 = +14, and 
+5 + +14 ='64; or *78 —*14 ="64 as before, In this case, 
the broaking weight is 2 -64 = 3°18 times the safe load, 
and yet the beam is strained to $th only of the breaking weight: 
the effect being to add *64—+ +5 = 1-28, or 28 per cent. to the 
working load. 

It secms paradoxical to say that a beam loaded with jth of 
the breaking load is not strained to }th of the breaking weight, 
but this is due to the peculiar character of the material. Thus, 
say we have n beam whose breaking weight = 100, then when 
loaded with oms to be self-cvident that it will be strained 
to $th of the breaking weight, but we have shown that to 
produce that strain wo shall require a load of 1-28 4 = $2 
instoad of 25. Seo (133) and (504). 

(857.) For jrd the breaking weight the diagram shows that 
the difference between the two roles must be divided into three 
equal parts, and the true strength will then be found by adding 
one of those parts to the special rule, or deducting two of the 
same from the ordinary rule, Thus, taking the eame example 
aa before, we have 2+ 3 =-6667 ton by special rule, and 3-219 
+8 =1-0397 by ordinary rule: the difference = 1-0937 
— +6667 = 0-873. Then *373 + 3 =-1248 is to be added to 
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*6667, and we obtain -6667 + -1243 = -791 ton:—similarly 
two of those parts, or “1243 x 2 =- 2496, deducted from 1-0397 
gives 10397 —-2486 = -791, as before; the ratio of which to 
the breaking weight, ax foand by special rule and experiment, ia 
2-791 = 2-528 to 1-0 instead of 3 to 1, as by the ordinary 
method of procedure. The offoct of this isto add -791 > 6667 
=1°1565, or 18-65 per cent, to the working load:—taking 
beam whose breaking weight = 100 tons, then, when strained 
to dnd, the load will not be 100 + 8 = 33-33 tons, but 118-65 
= 3 = 39-55 tons 

(358.) The application of these principles to practice 
simple; for instance, the breaking weight of the girder, 
was found in (851) to be 40-5 tons, as calculated by the special 
rule; then if we adopt 4 as the factor of safety, the working 
load would be 40-5 4 = 10-12 tons by the ordinary course, 
bat by (856) wo obtain 10-12 x 1-28 = 18tons nearly. If we 
adopt 3.as the Factor, we have 40-5 3-5 tons in the usual 
way, which by (357) becomes 13-5 x 1-18 5 

(859.) “ Ratio of Square to Rowad Bars."—It is shown in 
(519) that the theoretical ratio of the strength of square to 
round bars of the same dimensions is 1-7 to 1-0; but this is 
strictly true for those cases only where the tensile and com- 
pressive strengths and the corresponding extensions and com- 
pressions are equal to one another, and this, as we ha 
is not realised perfectly with any materials, oxcop! 
light strains (617). Under these circumstances, 
alone can determine the real ratio for the Breaking 

(860.) For cust irom we have the experiments of Mr. 
Barlow, which were made with direct reference 
the results are given in Tuble 69. It 
round bars were not mado of the same 
syoare ones, but rather of the same 
Of this was possibly to avoid the complications duo to the ai 
of the casting, which, as shown by (932), is very ‘ 
the transverse etrength of cast iron. Thus, a bar 

‘would have the same area as another 2} inches 

snd presumalily there would be equality of strength 
that is affected by the size of casting. 





In the first sot of experiments the bars were about one 
inch in area: the mean valne of M, from five square bars = 
2530 Ibs, and from five round ones 1697 lbs, the ratio being 
2530 + 1697 = 1-491 to 1-0. In the second set the bars were 
about 4 square inches in area: four square bars gave My = 
2178 Ibs., and nine round ones = 1899 Ibs. the ratio being 
2173 + 1399 = 1°558 to 1-0. 


‘Tante 69.—Of Exrrnmcess on the Retative Taaxsvense SteexoTe 
of Squang and Rouxp Bags of Cast Inos, all 5 feet long. 


Bars about One Square Inch Area. 








Dreaking 
Weight. 




















from the whole of these experiments, 
28 in number, is 1+522 to 1-0, or nearly 1-5 to 1-0, instead 
of 1-7 to 1-0, as due by theory. This may be taken, therefore, 
as the real ratio for cast iron. 
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For timber we have the experiments of Mr. P. Barlow on 
Zinch round and square bars cut from the same plank of 
Christiania deal 4 feet long :—thore wore three round bars which 
broke with 740, 780, and 796 Iba. respectively, the mean being 
‘772 Tbs. Two square bars gave 1125 and 1110 Ibs. respec- 
tively, the mean being 1117 lbs. and the ratio 1117 +772 
=1-447 to 1-0, Mr. Couch's experiments on round beams in 
the form of «pars 3} inches diameter give as the valuo of M, for 


Riga Fir Red Pino Yellow Pina English Oak 
26 310 272 837 The 


By Table 66, the mean value of Mg for equaro bars of the 
same materials is— 
389 491 46 509 Ibe. 


hence the ratio of the transverse strengths of square to round 
bars comes out— 


su 1-584 16 151 


The mean = 1-512 to 1-0: Mr. Barlow’s experiments, as we 
have seen, gave 1-447 to 1-0. 

(962) We many therefore take 1-5 to 1-0 as the ratio of 
square to round beams of Timber, being the sume ns found for 
Cast iron; both being for the breaking woights (354), 

For wronght fron, and still more certainly for steel, whose 
clasticity is nearly perfect, expecially for the moderato strains 
usually adopted as the working load in practice, we may admit 
the theoretical ratio 1-7 to 1-0. 

(868.) “ Bottoms of Round Vessels: Cast Iron.”"—The bottoms 
of air-veasels and the sides of valve-boxes for pumps, éo., are 
froquontly made flat for reasons of necessity or convenience, 
although that form is not woll adapted to bear the heavy 
internal pressaro to which they are usually subjoctod; the 
calculation of the strength is therefore a matter of some im- 
portance. We may find tho strength of the whole bottom by 
taking a portion of it, ssy a strip in the direction of a diameter, 

inch wide, and having found the strength of that by the 
ordinary rales for beams, then multiplying the result by the 
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umber of such strips in the whole circumference will give the 
strength of the whole. 

(364.) Let Fig. 82 be a vessel 3 feet internal diameter with 
a plain flat bottom 1 inch thick:—we have then a bar A, BL 
Linch deep, 1 inch wide, 3 feet long, fized at both ends and 


loaded equally all over by the pressure of the water. By 
column 5 of Table 66, the value of M; = 2068 Ibs. in the centre 
when the bar is merely supported at the enda, bat when fixed at 
the ends and loaded equally all over, as in our ease, the ratio 
given by (431) is 3, hence Mz becomes 2068 x 8 = 6189 Ibs, 
and rule (334) gives 1* x 1 x 6189+ 3 = 2068 Ibe. spread 
equally all over. Now, a circle 36 inches diameter has u cir- 
cumference of 118 inches, and as each of our imaginary beams 
occupies two inches, namely an inch at each end, we haye 119 
+2 6°5 such beams in the whole bottom, and the break- 
ing weight of the whole number will be 2063 x 56-5 = 
116560 lbs. This load being distributed all over an ares of 
1018 square inches gives 116560 + 1018 = 114 Ibs. pressure 
por square inch, or 114 x 23 = 262 feet, the height of the 
column of water which would burst the vessel. An nir-yesse 
is exposed to more or less violent shocks from the alternating 
action of the pump, &c.; it is therefore expedient to adopt s 
high Factor of sufety (924) for such enses, say 10, hence the safe 
working pressure would be 262 > 10 = 96-2 foot of water. 

(365.) It may be objected to this method of calculation, thet 
we have reckoned on the strength of the material at the centr, 
or where the bars cross each other, twice over or more; but thie 
is not the fact, Taking, for instance, the two bars A, B, and 
C, D, in Fig. 82, at right angles to each other, it will be obser 
that the longitudinal flaments which form the strength of A,B, 
are not ut all strained by loading (, D, becanse the filaments of 
the latter form another serios at right angles to those of the 
former; and the same reasoning applies to all the imaginary 
beams of which the bottom is composed. 

(366.) “ Bottoms of Square Vessels."—In applying tht 
method of calculation to the bottoms of square vessels sme 
modifications are nece Let Fig, $3 be a square yeas! 
with a bottom 1 inch thick, &c. :—we have as before an imaginaky 
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bar 1 inch square and 3 feet long, with a breaking load of 
2063 Iba distribated all over, and if all the imaginary beams of 
which the bottom is composed were allowed to doflect alike, and 
therefore to be equally strained, we should have 2063 x 36 x 
2 = 148536 Tbs. as the total breaking load. But it will be 
obsurved that from the conditions of the caso, this oquality of 
strain is not realised, for whilo the beams B, F, and G, H, have 
equal and great deflections, the beam I, J, will deflect vory little, 
being prevented from doing #0 by the beam B, F, the fibres of 
Yoth beams being interlaced with one another, It will be thus 
seen that between the edges whore the deflection is nothing, to 
the centre where it is a maximum, we haye a series of beams 
with a progressively increasing deflection. The mean deflection 
of the whole series of beams is gris of the maximum central 
deflection, hence the bottom will bear grds only of the strain 
we calcnlatod before, or 148556 x 2+ 3 = 99024 Ibe, distri- 


buted over an area of 36 x 36 = 1296 square inches, or 99024 
+ 1296 = 76 Ibs. per square inch. Hence the ratio of the 
strength of roand to square bottoms is 114-76 = 1:5 to 1-0. 

For plain unribbed flat bottoms of round and square vessels, 
wo have the roles :— 


(867.) For Round Vessels p = # x 148390 + d’. 
(368) - » k= x 349780 + a 
(869.) For Square Vessels p= f x 99010 + S* 
(870.) i” ” =F x 228720 +S 


In which t = the thickness of the plate in inches; d = inside 
diameter in inches: 8 = side of squaro, inside, in inches; p = 
bursting pressure in pounds per square inch; and A = head of 
water, bursting pressure, in feet. Thus, for a vessel 40 inches 
diameter 1} inch thick, rile (368) gives 2-25 x 342780 + 
1600 = 482 feet of water bursting prossurc, or with Factor 10, 
= 48-2 feet working pressure, &e. See (961), 

(871.) “Ribbed Bottoms.”—The samo reasoning may be 
applied to a flat-bottomed vessel, with strengthening ribs inside 
‘or outside; with cast iron, and an internal pressure, the ribs 

t 
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should always be inside for the same reason that a 1 seetion 
girder should be broken flange downwards (342), the metal of 
the bottom plate being then brought into tension. With external 
pressure, the ribs should be external for the same reason, 

Say, we havo a vessel 3 fect diameter with ribs cast inside as 
in Fig. 84; we may take the central part, or the rib a, and its 
proper share of the bottom plate, namely, from b to ¢, as the 
index of the strength of the whole bottom. We have then is 
effect, a girder of the section given by Fig. 85, $ feet long, fixed 
at the ends, and loaded all over. The value of My for this case 
we found in (364) to be 6189 Ibs., and by the method of ealeu- 
lation explained in (842), we have to calculate from the line 
N, A, and we havo for the vertical web 4* x 1 = 16-0; for 
the bottom flange (5°— 4") x 9 = 81, the sum of the two 
= 97, and rale (324) gives 97 x 6189-3 = 200000 Ibx 
spread all over. The ¢irele 36 inches diameter has a cireum- 
ference of 118 inches, and as each beam, like Fig, 85, oceupies 
18 inches, namely, 9 inches at each end, we have 118 +18 
= 6°28 of such beams in the whole circumference, which will 
bear collectively 200000 x 6°28 = 1256000 Ibs, distributed 
over an area of 1018 square inches, or 1256000 + 1018 
= 1283 Ibs. per square inch bursting pressure. With 10 for 
the Factor of safety, we obtain 1233 + 10 = 123 Ibs, or 
123 x 23 = 288 feet of water, safe working pressure, 

(872.) As on illustration of tho effect of placing the ribs 
injudiciously outside instead of inside, we have in Pig. 86 the 
same girder as in Fig. 85, but in a reversed position. Thea 
calculating as before, but from the line N. A. we have for the 
top flange 17 x 9 = 9; for the vertical web (5*~ 17) x 1 = My 
the sum of the two = 9+ 24 = 83, wherens in the other posi- 
tion we had 97. The strengths in the two positions will be in 
the ratio of those numbers, and without going through the whole 

m again, we obtain for the safe working pressure 283 x 
96 fect of water, instead of 288 fect as with internal 

ribs: the ratio being 97 + 8: 
‘Wrougit Iron and Steel.” —With very tough and due: 
tile materials, such as wrought iron, thor is great diffienlty 
and uncertainty in determining tho ultimate or breaking weight 
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of a bar loaded transversely. A beam of cast iron or timber 
breaks more or less suddenly, and the breaking point is thus 
usually well defined; but it is impossible literally to break a 
beam of really good tough wrought iron, and it ia difficult to 
say with what load the bar breaks down completely. 

But if the deflections of a bar of wrought iron or stool under 
@ series of progressively increasing loads be very accurately 
observed, and the results aro plotted in a diagram, as in 
Figs. 210, 211, it will be found, as with the tensile and com- 
pressive strains in the diagram, Fig. 215, that up to o certain 
point the clusticity is almost porfect, that is to say, the doflec~ 
tions are almost oxactly proportionate to tho loads, and the per- 
manent set almost inappreciable until that point is reached, 
when the deflections and sets (757) begin to increase very 
rapidly, showing that the material is beginning to be crippled 

or -over-strained. It will also be observed that beyond that 
point the deflections and sets increase rapidly with time, even 
with the same load. Now, the Dingram, Fig. 215, shows that 
both for the tensile and compressive strains the “limit of 

icity “is sbont 12 or 13 tons per square inch, and as, 

1, the mean ultimate strength of wrought iron is 

it would appear that the “limit of Elasticity" is half 

for 25-7 +2 = 12-85 tons per square 

inch. pees that ratio to the Diagram for the transverse 

strain, Fig. 210, we find that the “limit of Elasticity,” or the 

point beyond which the bar would bogin to be cripplod, is about 

T720 Ibe. 5 indicated by a *, with which Rule (327) givos 

(1720 x 6°75) + (1-027? x 5-51) = 2000 Ibs. as the value of 

M, for the limit of Elasticity: then, admitting that to be half 

the ultimate or breaking-down strain, the value of M, for the 
latter = 4000 Ibs. 

{874.) This rosult is confirmed by the experiments of Mr. E. 
Clark on threo bars of wrought iron, 1} inch square and 3 fect 
long, in Table 70. With My = 2000 lbs, Rulo (398) gives 
W = 1 x 2000 = (8 x 112) = 20-1 owt. as the “limit of 
Elasticity,” and col. 4 shows that up to that point the deflections 
art nearly in simple proportion to the weights, as due with 
perfect clasticity. But as the load is increased, the Ratio of 

ra 
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the dofloctions rises more and more rapidly, until with 41-9 
ewts. it becomes as much ag 5-145 inches, ar 13°13 times the 
normal amount, showing that practically the strongth of the bar 
is broken-down, although the bar may not be actually brokes, 
With My = 4000 Ibs, Rule (328) gives W = 1}" x 4000+ 
(8 x 112) = 40-2 ewts. Breaking-down weight, which agrees 
with the experimental results in Table 70, . 

We may therefore admit for plain bars of Wroughtiron 
Mr = 4000 Ibs. for the Breaking-down weight; 2000 ibs, far 
the “Limit of Elasticity,” and 1830 Ibs. for the safe Working 
dead load. 


Tanwe 70.—Of the Meaw Dertection of 3 Bans of Waovanr Inox, 
14 inch square, 3 feet long between supports, loaded in the centre. 





3 | wrt 
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Calculated Breaking-down weight = 40-2 ewt. : * Limit of Elasticity 


(875.) When wrought iron is rolled into 1, I, and ( sections, 
the propertics of the material are somewhat changed : it would 
appear that the maltreatment experienced by being crushed into 
these forms damages the fibrous texture, as proved by the fact 
that it breaks shorter or more suddenly than plain rectangular 
sections. ‘The transverse strongth of such iron is also consider- 
ably less than that of plain bars, as shown by the exporiments 
in Table 71, which give 3208 Ibs. as the mean value of My. 
All these bars were loaded to their ultimate strongth; two of 
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them were literally broken, and it will be observed that theso 
gave the maximum and minimum values of M,, the former being 
$720 and the latter 2750 Ibs. ; the mean of the two = 3235 lbs., 
or nearly the mean of the six experiments, which was 3208 Ibs. 

For rolled 1 and I bars, plate-iron girders, and tubular 
beams, we may tako the value of M, = 8200 Ibs. for the break- 
ing-down weight, 1500 Ibs. for the “limit of Elasticity” and 
Proof Strain, and 1120 Ibs. for the safe working dead load, 

Tt is remarkable that taking 3200 lbs. for the Ultimate trans- 
verse atrongth, the Role (500) or (639) gives 8200 x 18+ 
2240 = 25°7 tons for the maximum ultimate tensile strain, 
which happens to be precisely the mean strength of British bar 
iron by Table 1, &c. 

(876.) “ Steel."—The transverse strength of steel, like that 
of wrought iron, may be determined most satisfactorily by a 
Disgram, as in Vig, 211, which shows that, up to 1450 Iba, the 
elasticity is almost perfect. Taking that as the “limit of 
elasticity,” we have 5600 Ibs. or 2} tons as the value of My, 
with which Rule ($28) becomes W = 1-054* x 5600+ 4°5 
= 1457 Ibs, and is indicated by « * on the diagram. 

‘Then, for the value of M, for the breaking-down load, we 
have the experiments of Mr. Fairbairn, in Table 107, the mean 
of which = 6663 Ibs, or say 3 tons = 6720 Iba. 

We may therefore take, as the value of M, for Steel bars, 
6720 Ibs. or 3 tons for the breaking-down woight; 5600 Ibs. or 
24 tons for the “limit of olasticity” or “ Proof strain ;" and 
say 8360 Ibe. or 1} ton for the safe working dead load. 


SPECIAL RULES FOR WROUGHT IRON, 

(877.) “ Wrought-iron L and T Beams."—The resistances of 
wrought iron to tensile and crushing strains, and the correspond- 
ing extensions and compressions are nearly equal to one another 
up to 12 or 19 tons per square inch, as shown by Table 91 and 
Diagram, Fig. 215. The transvorse strongth of L bars might, 
therefore, be calculated by the ordinary rules in (323) or (510) 
but for the fact that the great ductility of tho metal causes it to 
have but little stiffness under compressive strains, so that a thin 
rib becomes thdulated or wrinkled with a strain very much less 





Broke 
Failed sideways 


than the crushing strength of the metal. Thus, while as the 
Diagram shows, » plain solid bar will bear about 13 tons per 
square inch; a thin plate may fail by wrinkling with 5 tons or 
less. Special rules, therefore, become necessary where a thin 
plate or rib occurs, as in tubular beams of plate-iton (405) and 
in L sections, and this arises, not because of the inherent weak- 
ness of wrought iron in resisting crushing, but from its tendency 
to fail by wrinkling. 

Tubular beams of plate-iron are frequently made of large 
dimensions, and are extensively used for the most important 
structures. ‘The calculation of their strength on exact princi- 
ples becomes, therefore, highly nocossary ; the Wrinkling strain, 
by which that strength is potentially governed, is considered 
at large (319) in Chapter LX., and the results are applied to 
such beams in (406), &e. But for ordinary | and X sections, 
it will suffice to give Empirical rules by which the strength may 
bo calculated with sufficient precision for practical purposes. 

(878.) The best rlo wo can givo is to calculate D* x B from 
the edgo of that part of the section which ia subjected to fensiom, 
or from the bottom in the case of a beam supported at both 
ends and loaded in the usual way. This, it will be observed, 
is just the revorse of the mode of calculating Cast-iron beams 
(sil). 

Fig, 87 is the section of a beam (No. 5 in Table 71) which, 








with a length of 10 feet between bearings, failed with 14 owt. in 
the centre. The flange being uppermost, and under compres- 
sion, we must calculate from the botfom of the soction or from 
the line N.A.; then D* x B becomes for the rib 2}* x J = 1-9; 
and for the top flange (2)* — 2}*) x 2} = 2-975. ‘The eum of 
the two = 1-9-4 2-975 = 4°875, hence with 3200 Ibs. for the 
value of My, the rule (824) becomes 4°875 x 3200 +10 = 
1560 Ibs. breaking weight: experiment gave 14 cwt. or 1568 Ibs, 
as in col. 6 of Table 71. 

Tn the reversed position, or lange downwards, as in Fig. 88, 
we have still to calculate from the bottom of the section or from 
the line N. A., and for the bottom flange we have }* x 2}=0°156; 
for the vertical web (2)* ~ J") x } =2'32. The sum of the 
two = 2-476, and we obtain 2-476 x 8200 + 10 = 792 Ibs. 
breaking weight, or about half the strength in the other position, 
which we calculated to be 1560 Ibs. 

(879.) Table 72 gives the safe or working load for Standard 
sizes of wrought-iron T beams, the application of which is vory 
simple. Thus, say that we require the central safe load for a 
ber 4 x 4 x Jinch thick, with a length of 12 feet; the Table 
gives 156 ewt. for 1 foot long; honco 156 12 = 18 ewt. for 
12 feet long. The deficction by the rules (697) for this safe 


loud would be 8, = 2 * 0288 = 846 inch: for a load epread 
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equally all over we should have 26 owt. and -846 x 10+8 
= 1-06 inch deflection, &e. 

Again, say that we require a bar to carry 20 ewt. in the centre 
with a length of 7} fect:—this is equal to 20 x 7-5 = 150 owt. 
with a length of 1 foot, for which Table 72 gives 3} x Ee 
or4x 4x Jinch. These are the sizes for a dead load; with 
@ moving or rolling load we should require double strength, or 
say 800 cwt. for 1 foot long, and the bar should then be, say 
5x5 x dinch, 


‘Tante 72.—Of the Trawsvense StaexoTn of Wrovour T Brass 
1 foot long, flange uppermost. 


| ‘Thickness all over, 
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(880.) The strength of the bar 4 x 4x Finch i in the normal 
position T is given by Table 72 at 156 cwt:—in the Feversod 
position L, the bottom flange would give J* x 4 = 565 the 
vertical web (4* — 3") x $ = 5-94; the sum of the two = 6-5, 
and taking the value of Mz for safe loud in ewts. (975) at 9-5, 
we obtain 6-5 x 9°5 = 62 ewt. bronking wight; honce the 
ratio of strength in the two positions is 156 + 62 = 2-5 to 1-0, 
and this may be taken as a general ratio for all the bars in 
Tuble 72. The variations in the position of bar, distribution of 
load, &c., are rather confusing; the following statement gives 





‘tho genoral Ratios of loads, and actual safe loads of a bar 
4x 4x 3,13 feet long:— 


Kasio of Lows, 

Load. owes, 

Normal position T,deadloadincentre .. 1:0 . 18 
= ‘J, distributed dead Yond. 2°0 .. 26 


= T, Rolling load 6 
Reversed position 1, dead load in contre .. oa Gt 

= AL, distributed dead load .. « 10- 

= AL, Rolling load 2 

(881) “ Wrougit-iron I Beams."—The strength of rolled 
beams with double flanges may be calculated on the same prin- 
Se au Teetito. Figs. 89, 90 are sections of 

two wrought-iron beams experimented upon by Mr. Fairbairn, 
Fig, 89 euak with 12,955 Ibs. in the contro, the longth between 
bearings being 11 feet. Calculating from the bottom as before 
(878), the reduced value of D' x B becomes for the top flango 
(7!— 6*) x 2) = 32-5; for the vertical web (6* — +38") x +825 
=11-7; and for the bottom flange, -38' x 4= 0-576. The 
sum of the whole = 44°776, which with M,; = $200 Ibs, (875) 
and rule (324) becomes 44-776 x 320011 = 13,026 Ibs., 
which is 4 per cent. only in excess of 12,955 lbs., the experi- 
mental weight. 

Fig. 90 sunk with 18,962 Ibs, in the centre, the length between 
bearings being 10 feet. Cualeulating from the bottom as before, 
the bottom flauge gives “44* x 4-3 = 83; for the vertical web 
(7 — -44") x +85 = 17-08; und for the top flange (8* — 7") 
x 2} = 41-25. The sum of the whole = 59-16, with which 
the rale (324) becomes 59°16 x 8200+ 10 = 18931 Ibs., which 
is only 0°17 por cent. /ess than 18,962 ibs., the experimental 
weight. Seo (673) and Table 109 for the Dedloctions. 

(882.) These results show not only the accuracy of the method 
of calculation, butalso the correctness of My = 8200 Ibs, derived 
from T bars (375) as applied to I sections. Both beams are 
deseribed ss yielding by lateral flexure of the top flanges under 
compression, although their areas were much greater than those 
of the respective bottom flangus. As shown in (445), with 
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wrought-iron beams, the flanges subjected to com) 
have considerable width, to enable them to resist pees 
and this is especially necessary where the length of the beam is 


great. 

(888.) These rolled beams are now made of large sizes, and 
are deservedly used extensively, In Table 73 are given the 
sizes of the most useful sections supplied by various makers; 
col. 14 gives the safe working loads for beams 1 foot Tong 
between bearings, from which the load for any length may be 
easily found. Thus with No, 7, which is 8} inches deep, the 
safe dead load, with a length of 12 fect, would be 706 +12 = 
59cwt.; orfora moving load 29} ewt.(923). Again: say we reqnire 
a beam to carry a dead load of 20 ewt. with a length of 14 feet, 
which ix equivalent to 20x 14 = 280 owt. with a length of 
1 foot, for which No. 4, 6} inches deep, 279 cwt, would be used. 

The deflections may be found by (674) and by col. 13 im the 
same Table:—thus with 61 ewt. in the centre, No. 7, 12 feet 
long would deflect -000001486 x 12° x 61 = -151M inch. 
With 20 cwt. in the centre, No. 4, 15 fect long deflects 
+000006351 x 16° x 20 = *84 inch, &e. 

(884.) “ Plate-iron Girders.”— The investigation of the 
strength of plate-iron girders may be effected most easily by 
analysis from elementary principles with the known tensile and 
crushing strengths of the material, in the manner illustrated for 
plain rectangular sections in (494). By Table 1, the mean 
tensile strength of plate-iron is 21-6 tons per square inch ; and 
by (201) the mean crushing strength = 19 tons, the ratio being 
as 8 to 7, which will be the ratios of the areas of the top and 
bottom flanges also. 

(885.) Let Fig. 98 be the section and Fig. 91 the elevation of 
a girder, say 20 feet or 240 inches long between bearings, loaded 
i », and 30 inches deep, but the effective depth, or that 

of gravity of the top and bottom sections may be 
taken at 29 inches (449), This will ovidently be equivalent to 
4 cantilever of half the length or 120 inches, built into a wall at 
one end and loaded at the other with half the central load, as 
in Fig. 92:—bnt it is necessary to remember here that in a beam 
supported at both ends and loaded in the centre, the lower part 
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of the section is subjected to tension and the upper part to com- 
pression. In a cantilever loaded in the usual manner this is 
just reversed:—to prevent confusion, therefore, we have in 
Fig. 92 taken the weight as acting upwards by means of a pulley, 
thus eliminating that difficulty, and restoring the normal condi- 
tions with a beam supported at both ends and loaded in the 
centre. 

The top and bottom flanges in Fig. 93 occupy the position of 
falcram and resistance to one another reciprocally, the strength 
may therefore be found from one of them, say the bottom. We 
have first to find the reduced or net area of the bottom by deduct- 
ing the metal cut away by the rivets, or by taking the ares 
through the line of rivet-holes :—the rivets being ¢ inch diameter, 
the area of the bottom plate = (12 —1}) x } = 8-06 square 
inches. If we admit that the part af the middle web between 
the two angle-irons compensates for one pair of rivet-holes 
(which is very nearly the fact), we shall have for the area of 
the two angle-irons {8 + 2}) — a} x} x 2 = 4875 square 
inches. The sum of the two areas = 8-06 -+-4-875 = 12-935, 
say 13 square inches. 

Then, the tensile strength of plate-iron being 21-6 tons per 
square inch by Table 1, the resistance of the bottom becomes 
18 x 21-6 = 280°8 tons, and the leverages being 29 and 120 
inches respectively, as in Fig. 92, wo have at the end of the 
10-foot cantilever 280-8 x 29 + 120 = 67-86 tons breaking 
weight, equivalent to 67-86 x 2 = 185-72 tons in the centre of 
our beam, 20 fect long. 

(386.) It is shown in (464) that the breaking weights of 
girders of similar or nearly similar sections are in the ratio of 
the respective areas of their bottom flanges, multiplied by the 
depth, and divided by the length: hence we haye the rales:— 


(887.) W=AxD x C+L 
(388.) A=(WxL)+(Dx 0). 
(389,) D=(W x L)+(A x ©). 
(390.) CG =(W x L)+(A x D). 
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In which W = the central load on the beam in Ibs., tons, &c., 
it on the terms of O. 
A= the ares of the bottom plate and angle-irons, in 
square inches. 
D = the depth in inches or feet. 
L = the length between supports in the samo terms 
as D, 
© =a constant adapted to the particular materials, 
&c.; for plate-iron Girders = 75 tons. 
It will be expedient to take for A, the gross area of the bottom 
(making no deduction for rivet-holes), and for D, the total depth 
(449). The value of C, as adapted to those conditions, may 
thon be found by rule (390), taking W ns found by analysis or 
as given by direct experiment. 

(891.) Thus, the gross area of the bottom plate in Fig. 93, 
=12 x 3 = 9, and of the two angle-irons, (3 + 2}) x } x2 
= 5-5; the sam being 9 4-5-5 = 14°5 square inches. Then, 
the breaking woight W ax found in (885) being 195-72 tons, 
rule (890) gives © = (185-72 x 240) (14-5 x 80) = 74-88, 
say Th. 

‘The rule (387), namely W = A x D x C +L, is tho well- 
known one given by Mr. Fairbairn, the value of C as given by 
him boing 80 for tubular beams, and 75 for ordinary flanged 
girders, the latter having precisely the valuo that wo found for 
it by an altogether independent method. 

(892.) We must now consider the top flange, in connection 
with which there are three points requiring attention 
see that the area is sufficient to bear the crashing strain :—2Qnd, 
that the treadth is sufficient to prevent failure by lateral flexure; 
and 3rd, that the thickness is sufficient to prevent “ Wrinkling.” 

‘The area which has to sustain the crushing strain is really 
the gross area, for tho material lost at the rivet-holes is replaced 
by the rivets, which being put in and 'rivoted while hot, offec- 
tually fill the holes and restore the soction to its normal condition 
0 far ag compressive strains are conccrnod :—but of course this 
docs not apply to tensile strains, for which the net area at the 
rivet-holes must be taken. 

(893.) The gross arca of the top plate = 12 x ¢ = 9 square 





inches, and of the two anglo-irons (3 + 21) x } x 2= & ‘5; the 
total being 9 + 5-5 = 14-6 square inches, which having to 
sustain the same maximum total strain as we found for the 
bottom (385), namely 280-8 tons, gives 280-8 + 14-5 = 19-37 
tons por square inch, which is rather in excess of 19 tons (384), 
but is near enough for the purpose. 

(894.) Then, for resistance to lateral flexure. It is shown in 
(448) that this tendency is a maximum with grds of the length 
of the top plate, the compression strain being then }rd of 
the maximum central strain:—thus in our case, this 
=20 x $= 18°8 feet, and the strain 280-8 x 3 = 93-6 tons. 
We have, therefore, virtually a pillar 12 x } inches forced to 
bend in the direction of its larger dimensions, with a length of 
18°8 fect, aud we can calculate the strength by the Rule (234), 
F= Mf x f° x b+ Lor 7274 x 640 x *75 = 176-9 = 197-3 
tons, or more than double 93-6 tons, the real strain; there is 
therefore no danger of failure by lateral flexure. 

(395,) As to Wrinkling, it is shown in (317) that in a girder, 
& plate } inch thick supported at one side will not fail by 
wrinkling with less than 19 tons per square inch, unless the 
plate projects 5§ inches or more beyond the support:—in our 
case the projection beyond the angle-iron = 2 inches only, 
hence thero is no fear of failure by wrinkling. 


Tastn 74.—Of the 1'5 Powsr of Nompens. Wrinkling Strains 
due to given Ratios of Thickness in Wronght-iron Plates, 
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‘These calculations apply to the centre of the girder, whore 
the Crushing, Iasteral, and Wrinkling strains are a maximum. 

(896.) "Graduation of Strains."—It is shown by (682) and 
Fig. 155, that in a girder with a central load the Tensile and 
Compressive strains in the bottom and top flanges respectively, 
are a maximum at the centre, and diminish in arithmetical ratio 
towards the end supports, where they become nil. Thus 
dividing the half-longth into say 8 equal parts, and reckoning 
from one support, we have Tensile and Compressive strains in 
the ratio:— 


0 1 2 8 ‘ 5 6 7 8 


and if the top and bottom flanges are parallel or of uniform 
Ireadth throughout their length, the thickness to rosist the 
tensile strains would follow the samo ratio, and if 1-inch thick 
is necessary at the centro, we should have a graduated series of 


thicknesses of — 

ek ae 3 i t z $ Mach. 
But to resist the Wrinkling strains, the resistance following the 
1} power of the thickness (815), as given by Table 74, the 
thickness will follow the 1} root of the strain us gion by 
‘Table 75; hence in our case we must have thicknosses in the 
ratio:— 

0 F 587 2:08 252 2-924 8-302 366 4-0 
and if in order to resist the maximum Wrinkling strain at the 
centre, a thickness of 1 inch is required, we should have a 
graduated series of thicknesses = 

0 23 “SS +32 G3 7H 826) 915 Linch. 

(897.) In this way we might find the point between the 
centre and the end of a girder where any given thickness would 
be required to avoid wrinkling, supposing that the thickness at 
the contre is sufficient aa calculated by the Rules (307), our 
Present purpose being only to graduate the thicknesses from 
centre to end, #0 that the tendency to fail by Wrinkling shall 
be the same throughout. 

‘Thus for a girdor 20 foot long, the half-length = 10 fect; 
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Taste 75.—Of the 1°5 Roor of Numeenrs. Thickness of Wrought 
iron Plates to sustain Wrinkling Strain in certain Ration 


No, 14 Root. | 1 Root, || Na, u 
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then the thickness in the centre being 1 inch, or eight 8ths, 
it may be reduced by Table 74 to 7, or J inch, at a distance of 
+G = $°2 fect from the end: to 6, or } inch, 
at 10 x 14:7 + 22°6 = 6°5 foot: to 5, or § inch, at 10 x 11-2 
+ 22-6 =5 feet: to 4, or } inch, at 10 x 8+ 22-6 = 8-5 
feet: to 8, or $ inch, at 10 x 5:2 “6 = 2-3 feet: to 2, or 
} inch, at 10 x 2-8 + 22-6 = 1-24 foot: and to 1, or } inch, 
at 10 x 1--22°6 = -45 foot: the lengths and thicknesses for 
equal Wrinkling strains in Fig. 94 have been obtained in this 
way: Fig. 95 gives the thicknesses for equal cruahing strains 
We have thus given the theoretical thicknesses for the sake of 
illustrating principles; but it is not expedient in practice to 
use very thin plates of wrought iron: where » structure i 
expozod to the weather more particularly, a considerable extra 
thickness is necessary to allow for the wear of the elements, 
irrespective of that required to bear the strain: in most cases 
plates less than } inch thick would not be used in practice, 
(398.) The contral thickness might be maintained through- 
out,und the strength duly proportioned to the strain by reducing 
the breadth of the flanges from the contre to the ends; but this 
would increase the labour and cost of manufacture to an extent 
that would not be compensated by the saving of material. ‘The 
question of labour in making, militates very much against any 
method by which the strength may be graduated in proportion 
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to the strain, and for that reason the top and bottom flanges of 
small girders are usually made of the same breadth and thick- 
ness throughout the length. With large girders, however, tho 
value of the material bears a higher proportion to the Jabour, 
and it is commercially expedient to cconomise by graduating 
the sizes in proportion to the strains. 

(899.) It is shown in (315) that the resistance to Wrinkling 
per square inch is proportional to the square-root of the thick- 
nose or 4/f, bit the fotal resistance in the ratio /¢ x f, or. 
Therefore the thickness nocessary to bear a given wrinkling 
strain will be proportional to the 1} root of the strain: Tables 
74 and 75 have been thus calculated. 

(400.) “ Vertical Web:"—The continnons plate forming the 
web of a girder is in effect an infinite number of diagonals 
similar to those of a lattice girder, but at infinitely variod 
angles, and the strains may be the most easily investigated by 
that analogy. 

‘The first thing to be noted is that, whatever the amount of 
the strain, it ix equal throughout the length of tho beam, when 
that beam is loaded in the contre only; the thicknoss of the web 
will therefore be the same throughout for that particular case, 
see Figs. 136,155. For this reason the strain on the diagonals 
is small compared with that on the centro of the top and bottom 
fianges, which suffer an accumulated strain from leverage, sco 
Fig. 155. 

Tt should also bo noted that the web alone acts directly in 
sustaining the vertical load, because whatever the strains on 
the top and bottom flanges may be, they act horizontally only, 
and must act indirectly and through the medium of the vertical 
web in sustaining the vertical load. 

(401.) Taking cantilever, Fig. 96, and allowing the safe 
working strain to be 5 tons per square inch, the bar A carrying 
10 tons must be 10 <5 = 2 square inches area; the diagonal 
B carrying « tensile strain of 14 tons must be 14 =2:8 
square inches area, and if eay } inch thick, then 2- 
inches wide measured at right angles to ita own axis, or in the 
direction ©, E. Now, if we would convert the lattice bracing 
into a continuous web, this may be done by increasing tho 

@ 
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width of all the diagonals exposed to tension F, G, H, B, until 
they meet, B for instance being increased to a, b, and H, to c, d, 
&e., &e. The cross-sectional area being as before 28 equare 
inches, and the width a, & or ¢, d 17 inches, the thickness 
‘comes out 2-817 = +165 inch only, which ix very light: 
in practice it would perhaps be made finch. In some large 
flanged girders made by Mr. Fairbairn for a Railway bridge, in 
which the length was 57 foet and depth 4} feet, top dange 
18 x 2, &e., the vertical web was only } inch thick in the 
centre, and 44, inch at the ends (442), but it was stiffened by 
cover-plates ut all the vertical joints, which were 8 feet apart: 
80 also (927) and Fig. 138. 

(402.) But we have also to consider the compressive strains 
in tho web of a plato girder, for it will be observed in the 
lattice girders, that while a sct of diagonals is subjected to 
tensile strains, another and similar set bear crushing strains 
and require to be of L section (439) to resist flexure. Tt might 
appear ut first sight that a similar form would be necessary in 
the web of a plate-iron girder, which ax a very thin plate seems 
wholly unfit to boar a heavy crushing strain, But if, as in 
Figs. 141, 155, tho diagonals under compression wore connected 
by a rivet with thoso undor tensile strain by which they are 
crossed, the effect would bo to reduce the length of the pillar 
to half, and as by (147) the strength of a pillar is inversely 
proportioned to the square of the length, the strength would in 
that case bo quadrupled. Now in a web, we have an infinite 
number of imaginary diagonals under compression, which are 
crossed by another similar seriog under tonsilo strain, and the 
two sets being in effect interlaced and interlocked with one 
another, the Jength of those under compression is redueed in- 
definitely,:so that flexure or wrinkling is impossible even with 
a very thin plate. We have therefore to consider the crushing 
strength of the material only, and as the tensile and crushing 
strengths of wrought iron are practically equal to one another, 
it follows that the area which we found necessary to bear the 
former (401) will suffice for the Inter also. 

(408.) “ Shearing Strain at Ends of Girders,"—It is absolutely 
essential that plate-iron girders with a vertical web of the usual 





should be well strengthened at the ends where 
‘they rest on the supports, to prevent the web doubling up under 
the vertical strain that it hus to bear, which in most cases, oven 
when the load is a central one, amounts to half that load plus 
half tho weight of the girdor itself. With a rolling load it 
may be a great deal more than that; in extreme cases it may 
amount to the whole Icad plus half the weight of the girder. 
Obviously the thin plate of the web, say } or even 3, inch thick, 
Fig. 183, conld not bear such a strain as that, without the 
assistance of vertical, angle, or 1 irons; usually tho latter 
would be used, and as they are straincd as pillars, their sizes 
may be determined by the rales in (534), or by Table 82. 
(404.) Table 76 gives the strength and stiffness for certain 
standard sizes of plate-iron girders whose proportions are given 
by Figs. 101 to 107. Thus, the girder Pig. 103, 2 feet deep, 
and say 30 foct long, will broak by col. 5 with 1665 -> 30 = 55-5 
tons in the centre :—the safe dead load may be taken at 55-5 + 3 
= 18-5 tons, with which the doflection by col. 6 and (674) 
would be 18-5 x -0000007606 x 27000 = +88 inch. With a 
lead equally distributed all over the length, we should have 
had 18-5 x 2= 87 tons, with which the central deflection 
would have been by col. 7 in the Table, 87 x -0000004754 x 
27000 = -475 inch, ke. 


‘Tante 76.—Of the Srazxorn and Stivrsess of Wxovcut Prate- 
tox Gimoens, 1 foot long. 
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(405.) * Tebular Beame of Plate-iron."—The strength of o 
tubular beam, like that of every other structure, is limited by 
the strength of the weakest part, this is usually the top plate, 
which is due to the tendency of thin plates of wrought iron to 
fail by Wrinkling with a strain much less than the crushing or 
tensile strength of the material. This, however, is not univer- 
sally the case, but depends on the relative dimensions of the plates 
subjocted to tension and compression respectively. For example, 
with No. 1 in Table 77, the top and bottom plates have equal 
areas, they have also the same total load to carry, ceeapying as 
they do the position of fulerum and resistance to one another 
reciprocally. But while the bottom will bear 21-6 tons per 
xquare inch, namely, the mean tensile strength of plate iron by 
Table 1, the top will fail by wrinkling with 18-38 tons per 
square inch, as shown by col. (11): the top being the weakest 
will therefore govern the strength of the beam, The thickness 
of the bottom plate might in this case be reduced to } x 18-38 
+ 21-6 = +6382, or about § inch, without at all affecting the 
strength of the beam:—both plates would then be strained im 
proportion to thoir strength, and they should fail simultaneously. 
In this case, in order to obtain equality of strength, the areas 
would bo in the ratio of 6 to 5. 

(406.) The rule for calculating the strength of tubular plate- 
iron beams must therefore include the Wrinkling Strain as a 
fundamental datum ; the ordinary rules in which that is neglected 
will not givo correct results. ‘Thus, taking asan example No. 1 
in Table 77, whose section is given by Fig. 97, taking the value 
of She from col. 6 of Table 66 at 1°786 ton, Rule (830) gives 

3 3¢ 24) — By 29« 
= CBTE x 2) ORO & S80) 51-786 +45 = 214 
tons; but by col. 8, the experimental breaking weight = 118 
tons; hence 214 118 = 1-81, or an error of + 81 per cent. 

(407.) A still more striking illustration would be given by 

the very thin tube No. 12 in Table 77, with which Rule (830) 
x 23-752" +752 
(24 x 15) oe 14752) 795 = 80 
= 24 tons; but by col. 8, the experimental breaking weight 


gives W = 
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= 5-78 tons only; hence the calculated strength is 24 = 5-78 
= 4°16 times the experimental ! 

These illustrations show that the ordinary rules which may 
be correct for very thick plates which fail by crushing are not 
correct for thin plates which fail by Wrinkling. 

(408.) The first stop us a basis for correct caleulation of the 
strength of Tubular Beams with thin plates is to find the 
Wrinkling strain by the Rule (308), which for beams ix Wy = 

by X 104, or in our case 4/f + 2d x 104, or 
4/°08125 x 104, or -17677 x 104 = 18-88 tons per square 
inch, col. 11. Having thus found the wrinkling strain, and 
supposing it not to exceed the crushing strength, or 19 tons per 
square inch (201), we may take it as equivalent to fin rule (514), 
and may then calculate the strength of the beam by that rule, 
which in our case becomes 
18+88 x 2 x {85-75 x 24) —(84-25" x 22-5} 

8 x 540 x 85-75 

= 122-5 tons, as in col. 9 of Table 77: experiment gaye 118 
tons a5 incol. 8; hence 122-5 + 118 = 1-038, showing an error 
of + 3°8 per cent. only, as in col, 10. 

To vary the illustration we may take No. 11 in the same 
Table, whose section is given by Fig. 98. For the wrinkling 
strain, the rule (808) becomes 4/-272 = 15°56 x 104, or 
‘01755 x 104, or -1825 x 104 = 18-78 tons per square 
inch, aking this as the value of f, the rule (514) becomes 
18-78 x 2 x {23°75* x 15-5) — (28-206* x 14-956} 

3 x 860 x 23°75 
= 22-29 tons: experiment gave 23°33 tons, col, 8; hence 
92-99 + 23-38 =-956, giving 1:0 —:956 =-044, or an error 
of — 4-4 per cent., as in col. 10. 

(409.) In some cases the wrinkling strain comes out in excess 
of the absolute crushing strength of the material, or 19 tons per 
square inch (201), and of course it will not be realised, the 
metal failing by crushing; in that case we must take f= 19 
tons, whatever the wrinkling strain may be. An illustration of 
this is given by Nos. 7 and 8, in Table 77, whose soction is 

shown by Fig. 99 :—the rule (308) gives We = /* 75 = 16-5 
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x 104 = 22-17 tons per square inch, ax in col, (11), which 
being in excess of 19 tons must be rejected ; and the valne of f 
being taken as 19 tons, the rule (514) becomes 
19 x2x {ae x 16-5) — (22-75* x 16} 
‘ise Bx 360 x 94 
experiment gave 54°82 tons; hence 58-2 54-82 = 1-062, 
or an error of + 6:2 per cent, col. 14. Obviously, if we had 
erroncously taken 22-17 tons, the error would have been 
greater, the breaking weight coming out 58-2 x 22-17 +190 = 
67-91 tons, giving 67-91 + 54-82 = 1-24, or an errorof + 24 
cent. 

(410.) The cols. 9, 10, and 11 of Table 77 have been caleu- 
lated throughout in this manner:—the general result shown 
by col. 10 is that the sum of all the + errors is 58, and of all 
the — errors is 83, giving on 16 experiments an average of 
(83 — 58) +16 = 1°56, or — 1-56 por cent. (959). Tho greatest 
+ error = 21-8, and the greatest — error = 24-9 per cent., 
thus showing nearly an equal range; and it should be observed 
that this range of error may possibly be due to tho natural 
varintion in the strength of the material:—thus, taking the 
simple tensile strength of plate-iron, where, of course, the case 
is stot complicated by possible errors in the rules, &c., Table 149 
shows a variation of + 29 and — 33 per cent, respectively. 
‘The range in the dimensions of the beams is worthy of note; 
the extreme sizes, or those of Nos. 2 and 16, are shown by 
Fig. 100, and it should be observed that the errors of these two 
sizes differ but little from one another, being — 0-7 per cent. 
in the largest (No. 2), and — 2-3 por cent. in the smallest 
(No. 16). 

Extreme cases are crucial tests of the accuracy of any rales, 
and, as we have seen, the rules we have given bear that test 
satisfactorily. Other illustrations of the different methods of 
ealealating tabalar beams are given in (320), (412), (414). 

(ALL) It is shown in (405) that there should bo equality in 
the resistances to tension by the bottom, and compression by the 
top of a tubular beam, and failing that, the weaker of the two 
will govern the strength of the beam. With most of the beams 
in Table 77 the top is the weaker, but in Nos. 7, 8,9, aud 


= 58°2 tons: 








232 ‘TUBULAR BEAMS OF PLATE-IOK, 


the bottom is the weaker, and should govern the strength, but 
does not seem todo so. For example, with No. 9, the wri 
strain by col. 11 is 17-82 tons per square inch, hence 17-32 
x "487 x 15°75 = 119-2 tons, the resistance to compression > 
but for the bottom we have 21°6 x°272 x 15°75 = 92-54 
tons only as the resistance to tension. In col: 9 the strength, 
as calculated from the resistance of the top plate, came out 
83-74 tons, the error being only 4+- 0-3 per cent. Now, if the 
strength were dominated by the bottom, as it should be by 
theory, we obtain 33-74 x 92°54 + 119°2 = 26°19 tons only, 
an error of — 22-15 per cont. 

(412.) We should obtain a result but little more satisfactory 
by analysis, as in (820), (414), de. Let Fig. 108 be a section 
of the same beam reduced to the case of a cantilever of half the 
length fixed at one end and loaded at the other, as in Fig. 92; 
the Neutral axis will not now be in the centre, but must occupy 
such a position as to give equality to the resistances of tension 
and compression. Wo must assume a position for it by judg- 
ment, say a8 in the figure: for the top plate wo found im (411) 
119°2 tons, which with leverages of 11-182 and 180 inches 
gives at W, 119-2 x 11-182 180 = 7-406 tons. Then, for 
the sides nbove the line N, A., the maximum strain at the top 
being 17-82 tons per square inch, that at o becomes 17-32 
x 5-482 + 11-4 = 8-329 tons, The area is 10-963 x “544 
= 57964 square inches; hence 5964 x 8-329 x 5-482 x $ 
+ 180 = 2-016 tons at W, which added to the resistance of 
the top plate = 7-406 + 2-016 = 9+422 tons at W due to 
compression alone. 

Similarly, for the part of the section subjected to Tension, we 
have for the bottom plate 15°75 x -272 x 21-6: 12-1, 80 
= 6/277 tons at W:—the strain at p is 21-6 x 6-039 +1236 
= 10°56 tons per square inch, which at W bocomes 10-56 
x °272 x 2 x 6-039 x 1-333 + 180 = 3-106 tons, giving for 
the total resistance to tension 6-277 + 3-106 = 9-380 tons at W, 
which is rather less than 9-422 tons due to compression, but is 
sufficiently near equality for our purpose. The sum of Tension 
and Compression is thus 9+380 + 9+422 = 18-802 tons at W, 
and is equivalent to 18-802 x 2 = 87-6 tons in the centre of 

the beam 30 feet long: experiment gave 33-64 tons, hones the 
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error is 87-6 + 83-64 = 1-117, or + 11-7 per cent. By rule 
(514) the error was + 0-3 per cent. only, as in col. 10. 

Tt is remarkable that the rule (614) by which col. 9 of 
Table 77 is calculated, which is based on the value of /, or the 
wrinkling strain, and is therefore not strictly applicable to 
beams which fail by tension, gives, notwithstanding, more 
correct results than any other rulo:—the mean error of Nos. 
7, 8, 9, and 10 being + 2-7 per cent. only. 

(418.) “Lateral Strength of Beams."—In designing large 
Tubular beams for bridgos, &c., it is necessary to consider and 
provide for the lateral strain due to the wind impinging on the 
side, The proportions of beams are usually fixed principally 
with a view to sustain a vertical load, and as a result they are 
frequently very weak in resisting horizontal pressure. With 
a view to obtain experimental information on this matter, Mr. 
Hodgkinson took the beam, No. 10 in Table 77, which in the 
ordinary vertical position broke with a load of 26-6 tons, and 
laid it on its side, as in Fig. 109, when it failed with 14-3 tons. 
In this abnormal position the wholo of the conditions are so 
greatly changed, that the strength cannot be calculated cor 
rectly by the usual rale (408) for Tubular beams; thus, in our 
case, the wrinkling strain of the thin top plate by the rule in 
(808) becomes ¥*125 +24 x 104 = 7-505 tons per square 
inch, and the rule (514) then gives 

— 7-505 x 2 x {169 x 24) — (15-75% x 23-884} 
= 8x 360 x 16 
= 6-028 tons only, whereas experiment gave 14-8 tons. But 
this rnJe supposes that the beam is of the ordinary form and 
proportions, and that the strength is governed by the resistance 
to wrinkling or by f, but obviously the proportions might be 
such that the wrinkling strain would have little effect on the 
strength: for example, in Fig, 110 tho great strength of the sido 
plates a, b ronder them independent of the weak top plate ¢, and 
the rule which takes that plato as the exponent of the strength 
of the whole beam must necessarily fail to give correct results, 

(414.) The best mothod of calculating a beam of such an 

abnormal form is by analysis, as illustrated in (320) and (A\2), 





We shall assume that the top plate fails by wrinkling with 
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7-5 tons por square inch, as calculated in (413), and the bottom 
plate with 21-6 tons, namely, the mean tensile strength of 
iron as given by Table 1, Then, for the sides, we shall take 
the maximum tensile strain at T and comprossive strain at C 
= 21-6 tons por square inch also: tho noutral axis N. A. must 
then be placed in such a position as to give equality to the 
tensile and compressive forces above and below that line respee~ 
tively, and this position must be fixed tentatively by judgment. 
Reducing the case for the purposes of calculation to the equiva- 
Tent one of a cantilever of half the length of the beam fixed 
at one end and loaded at the other, as in Fig, 92, we obtain 
the dimensions given by Fig.109. For tho top plate we obtain 
24 x -125 x 7-5 = 22-5 tons, which with the leverages of 9-488 
and 180 inches respectively, gives 22-5 x 9°438+ 180 = 1-18 
ton at W. ‘Then for that part of the side plates above N. A., 
the strain of 21-6 tons at © becomes 21°6 x 4°688 +975 
= 10-66 tons per square inch at 0, and their area being 9-375 
X +616 = 5-775 square inches, with leverages of 4-688 and 
180 inches gives at W, 5775 x § x 4:688 + 180 = 2-187 
tons for the sides (495), making with that due to the top 
1:18 + 2-187 = 8-317 tons from compression alone. 

Similarly, for the bottom plate, we obtain 24 x +125 x 21-6 
= 6°48 tons, which at W becomes 6:48 x 6°438 + 180 = 
2-318 tons, The strain at p becomes 21-6 x 3-188 + 6-5 
= 10°59 tons per square inch. Then 6°375 x -616 x $ 
x 10-59 + 180 =-982 ton at W due to the sides, making o total 
of 2-818 + -982 = 8-3 tons due to Tension, or nearly the same 
26 3°317 tons duc to compression. The sum of the two = 3-3 
+ 3°317 = 6-617 tons at the end of the cantilever 15 feet 
long, equivalent to 6-617 x 2 = 13-284 tons in the centre of 
the beam 80 feet long, 6 in our case: experiment gave 14-3 
tons, hence 13-284 14°3 = °9255, showing an error of 
1:0 — -9255 = 0745, or — 7°45 per cent. Considering the 
extremely abnormal form of the beam in this position, the error 
is perhaps not greater than might be expected. 

(415.) It will be observed that we have taken the fall tensile 
strength of the iron, allowing nothing for rivot-holes, &e., on 
the supposition that there is no joint at or near the centre of 
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the beam, where the strain is a maximum. With small and 
modernte-sized beams this condition is easily obtained, and with 
Jargo structures we can secure practically the same condition 
by the adoption of chain-riveting (36). 


FORM YOR EQUAL STRENGTH THROUGHOUT. 


(416.) We have so far assumed that the beams wore parallel, 
or of the same cross-section from end to end, wnd the load in 
the centre. In that case, the transverse strain is a maximum 
at the centre, and is progressively reduced towards the two 
supports, where it becomes nothing; to obtain throughout the 
Jongth an equality between the strain and the strength it would 
be necessary to reduce the section of the beam toward each 
prop in proportion to the strain at each point, which can be 
effected by regulating the depths alone, while the breadths 
remain constant; or, on the other hand, by graduating the 
breadths, while the depths remain constant; or by a combina- 
tion of the two methods, 

Let Fig. 111 be « beam 16 feet long, with a central weight 
of 10, producing of course a strain of 5 on each prop: this is 
obviously equivalent to a cantilever, Fig. 112, of hulf the length 
built into a wall at one end, and loaded with a weight of 5 at 
the other end, The rutio of the strains at cach point along the 
beam is evidently proportional to the leverage with which the 
Toad of 5 acts, or to the distances 1, 2,3 .. 8, &e., a8 in Fig, 112, 
and as by (324) the strength is proportional to D’ when the 
breadth is constant, it follows that D must be proportional to the 
#qunre-roots of the respective strains,or 1 =1; /2= 1-41; 
4/3 = 1-78, &e., us in the figure, these being of course propor- 
tional, and not real dimensions. We have thus obtained the 
depths in Fig. 112, which again give us the depths in Fig. 111. 

(417.) If we would obtain » uniform depth throughout, as in 
Fig. 118, which again is equivalent to the cantilever, Fig. 114, 
the breadths being simply proportional to the strains, the latter 
being 1, 2, 3, 4, &c., the former will be 1, 2, 3, 4, &c., also, and 
we thos obtain Fig. 115, giving a uniform taper from the wall 
to the end, and from this we obtain Fig. 116. 
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To apply this to practice :—Let Fig. 117 be a beam of Beech, 
14 inches deep, 10 inches wide, and 12 feet long, which by rule 
(824) with My = 585 by Table 66 breaks with 142 x 10 x 558 
= 12 = 91140 Ibs. in the centre. The aquare of the depth at 
each point being proportional to the distance of that point from 
the nearest prop as shown by (416), and that at 6 foot being 
14 inches, we have 142 + 6 = 3°27, a constant, which multi- 
plied by the distance of each point, will give the square of the 
depth at that point, thus :— 


At A wo got 82°7 x 6 ar 196°0,/ = 14°00 inches. 
B 82°F x5 168-0/ 
B27 x4, 10S 
D 82°78, 98:9 
827 XZ G54 
92-7 XL 82-7 
Bh7K0y OOS = 


We thus obtain the depths in Fig. 117, the breadth being 10 
inches throughout. If, on the other hand, we maintain the 
depth at 14 inches throughout, the breadth would taper off 
uniformly from 10 inches at the centre to nothing at the props, 
us in Fig. 116, 

(418.) It may seem anomalous that the size at the end should 
be nothing, whereas a strain of 45,670 Ibs., or half the central 
weight, has to ba borne by it; but we have been considering 
the fransverse strain only, which is really nil at G; the strain 
of 45,570 Ibs. is a shearing or cross-strain, and must be provided 
for, but is a matter quite foreign to the proper subject of this 
chapter (123); soe (408). 

(419.) “Load out of Centre.’—Having thus found the forms 
of beams with a single contral load, we may proceed to consider 
Ist, the effect of a single load out of the contre; and 2nd, of 
two or more loads variously distributed. In order to give pre- 
cision to the investigation we will take a case, say that of = 
beam of Beech 12 inches squaro and 16 feet long; taking the 
value of M, from col. 6 of Table 66 at +25 ton, the rule (324) 
gives fora central lond 12? x 12 x +25 + 16 = 27 tons breaking 
weight, as in Fig. 118. 





‘The central breaking weight being thus found, we require 
Ist, tho oxtent to which that same weight would strain the 
Parallol beam if placed at a given point out of the contre, and 
2nd, the breaking weight at any other point in the same parallel 
beam. 

(420.) A weight placed anywhere on a beam divides the whole 
length into two imaginary lengths—equal if in the centre, un- 
equal if eleowhere—and when the weight is constant the strain 
produced by it at each point is proportional to the product of 
those two imaginary longths, and will be found to bo « maximum 
when the load is in the centre. Thus in Fig. 118, with 27 tons 
in the centre the beam is divided into two equal 5-foot lengths, 
the product of which is 8 x 8 = 64; now if that load of 
27 tons is removed to 4 fect from one prop, therefore 12 feet 
from the other, as in Fig, 119, the product becomes 4 x 12 = 48, 
and the beam is strainod at A to }{ths only of the breaking 
weight at that point. Henoo the breaking weight there would 
be 27 x 64 +48 = 36 tons. Calculating in this way we have 
obtained the ratios in col. 4 of Table 104 and in curve OC of 
Fig. 213, which give the equivalent load out of the centre 
corresponding to a central load of 1-000. 

(421.) For general purposes perhaps a simpler course is to 
find a reduced or imaginary length to bo used in the ordinary 
rules in (328), éc., instead of the actual length as for contral 
Toads. For this purpose :—divide the product of the two lengths 
into which the load divides tho beam by }th the actual length, 
and the quotient is the reduced length to be used in calculation, 
‘Thus in Fig. 119 we have 4 x 12 + (16 + 4) = 19 feet -—then 
with this reduced length, the rdle W= d x b x My->+L 
becomes in our caso 12" x 12 x +25 +12 = 86 tons, as before. 
‘The same result would have becn found by using the ratios 
64 to 48 ns in (420); for 16 x 48 + 64 = 12 foot, the reduced 

h, de. 

(422.) The contour of the beam in elevation may now be 
found us in (417), the breadth being 12 inches throughout, by 
making the square of the depth proportional to the distance 
from the props, but so that the depth at A shall be 12 inches. 
‘Thus from A to EB we havo four divisions:—thon 12° 4 = 36 





is a constant which multiplied by the distance of each point E, 
D, C, B, A from A in Fig. 120 will give the square of the 
dopth at that point, 


See we have 86 x 4or 144./ = me inches. 
3 
B 
A 


Similarly from E to Q we havo 12 divisions, hence 12? + 12 
= 12 is a constant which multiplied by the distancos of the 
points F, G, &e., &e., from Q will give the square of the depth 
at each point from E to Q. 


‘Thus at E we have 12 x 12 or 144,/ 
12x IL, 152, 
12 x 10 4, 120 
2x 

mx 

Rx 
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We havo thus fonnd the depth at every foot in the length of 
the beam; for ordinary purposes a smaller number of points 
would haye sufficed, at least between E and Q, but we have a 
special purpose in view presently for which we require the 
depth at numerous points. 

(428.) “ Effect of Two or more Loads."—We may now proceed 
to consider the effect on the form of a beam, of two or more 
londs variously distributed. Wewill take the case of Fig. 122, 
where we have two weights each of 86 tons, both being 4 feet 
from one prop and 12 fost from the other, and we will take it 
first as composed of two similar beams, as in Figs. 120, 121. 
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Obviously Fig. 121 is the counterpart of Fig. 120, and if wo 
6 those two beams placed side by sido, as in Fig. 122, we 
should have a compound beam that would folfil the given con- 
ditions. Now in the beam Fig. 122, the depth equared multi- 
plied by the breadth, must at each and every point be equal to 
the sum of the depths squared multiplied by the breadths of 
the corresponding points in the two beams Fig. 122, which are 
given. by Figs. 120,121. The breadths of all the beams wo are 
being ‘aliko, or 12 inchs, we may eliminate b and 
shall deal only with d*. Then, the square of the depth at b in 
Fig. 122 must be equal to the sum of the squares of the depths 
at B in Fig, 120 and at P in Fig. 121, or 6* + 8-5" = 48-25, 
and ,/48-25 = 6-95 inches, the depth at 6 in Fig. 122. 
(424.) Calculating in this way we obtain the depths at euch 
foot of length as follows -— 
Toches. 
(i + PP) or( G0? + 3°5*),/ = 6°95 abd in Fig. 122, 
{E+ O fp CHR + 49) Y= 9°81 
(DF TN DS . (0 + 6-0"), = 12-00 
4S, A204 697 = 15-85 
BED) y ALS TT J = 13-85 
(G4 BDV » (IO 4 8-997 = 18°85 
GP +P C04 + 972%), / = 13°85 
CTP on CUFF OS = 
(FH ny C9 + 10-4) f = 18-85 
(BP + GY yp C85? + 11-0%)/ = 15°85 
GA PPS. OTT -S af = 13°85 
OPE EDS . (69 + 12-07 = 15°85 
QP + DS, (OO + 10-4) = 12°00 
(PAO CFF + BH) = 981 
(4B) (FS + 6-0, = 6-95 
(EFA COU + 0°0)/ = 0-00 


Tt will be observed that betwoen the points ¢ and m the beam 
i# a parallel one, and it is curious to sce how this.is brought 
about by the fuct that the sum of tho squares of the depths at 
the corresponding points in the two parabolas in Figs. 120, 121 
_ is constant between those points. 
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weight which otherwise would crush the material,—stone,— 
brick, &c., on which the beam rests. To meet these require- 
ments, the theoretical forms may be modified at pleasure, care 
being taken, howover, that the sizes demanded by theory are 
not curtailed by tho lines required by taste, convenience, or 
other considerations, Thus Fig. 117 might be modified to 
Fig. 180, in which the length is increased by the supplementary 
pieces m,n, the amount of which must be fixed by judgment so 
us to give a good bearing. The two semi-parabolas o, p, &c., 
are the samo as in Fig. 117, and the curve r, «, £38 an ellipsis 
which is perhaps the most beautiful of simple curves, and may 
be easily described by taking a pioce of paper with a perfectly 
straight edge P, making the distance a, b, equal to 8, V, and 
b, c, equal to U, V; then passing it over the latter so that b 
and ¢ are always in contact with the major and minor axes of 
the ellipse respectively, and making dots with a pencil or needle 
point at b, b, &c., a suificiont number of guide-dots is obtained, 
through which the perfect ellipse may be drawn by a French 
curve, &e. 

(429.) The same principles may be applied to find the gection 
at different points in the length of I girders, whose profile has 
been determined by taste or convenience. Let Fig. 181 bea 
girder 16 fect betwoon bearings, resting 18 inches on the wall 
at each end, 30 inches deep in the centre, whose section there 
is given at A, and the load being a central one, or by the Pillar 
E. The strength at the contre (350), or the reduced value of 
dx b, is for the top flange 2* x 8 = 82; for the vertical 
web (28° 2) x 1}=1170: and for the bottom 
(30% — 28") x 18 = 2088 —altogother 32 + 1170 + 2088 
= 8290. Dividing the extreme half-length of the girder into 
four parts, we can now determine the strength, or d’ x bat 
each point B, ©, D, that at A being 3290 on the principles 
explained in (428) and by Fig. 122. Thus, at D it will bo 

2 + 4= 822; at O, 3290 = 1645; and at B, 3290 
4= 2467. Tho depth of the girder at those points 
having been predetermined by Fig. 131, wo haye now to find 
the breadths of the bottom flange necessary to give the required 
strength, that of the top flange being maintained at 8 inches 
throughout. Thus, at B, the depth being 25 inches, we have: 
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top flange, 2* x 8 = 32; vertical web (23'— 2") x 1} = 787; 
or 82 + 787 = 819 together; and as we require 2467 at that 
point, the bottom flange must yield 2467 — 819 = 1648, and ax 
the depth there squared is 25* — 23* = 96, the breadth of the 
bottom flange must be 1648-+96 = 17-1 inches. Similarly, 
at O we have: top flange, 2" x 8 = $2; vertical web (19* — 2") 
x 1 = 585; or 82-4 535 = 567 togethor; hence the bottom 
flange must yield 1645 — 567 = 1078, and the depth squared 
being 21* — 19" = 80, the width must be 1078 +80 = 13} 
inches. Finally, at D we have for tho top flango and vertical 
web (2° x 8) + (16 — 2") x 1}) = 410, and aa we require 
822, the bottom fiangs must yield $22 — 410 = 412, and the 
dopth squared being 18" —16'= 68, the width must be 
412+ 68 = 6-06 inches, ce. 

In many cases the form of the bottom flange as thus found 
would need modification to mect the requirements of taste, care 
of courso boing taken that the calculated sizes are not curtailed 
(428). 

(430.) “ Effect of Modes of Fixing and Loading.”"—There are 
three principal mothods of fixing beams :—Ist, when supported 
at the two ends; 2nd, when fixed, or built into walls at the two 
ends ; and, 8rd, when fixed or built into a wall at ono end only, 
the other end being free, and the beam then becomes a cantilever. 

With each of these modes of fixing beams there are two 
Principal methods of arranging the load, namely, lst, a single 
weight in the centre of beams that are fixed or supported ut the 
two ends; and, 2nd, when the load is distributed equally all 
over the length. Similarly, with a cantilever, the load may 
bo, Ist, a single one at the remote end, and, 2nd, it may be 
equally distributed all over the length. 

(481.) The ratios of the loads in these various cases are as 
follow :— Ratio 


Supported at two ends, and loaded in tho.centro 
Supported at two onds, load spread equally all over 
Fixed at two ends, and loaded in the centre .. “ 
Fixed at two enda, load spread equally all over 
Fixed at one end, and loaded at the other .. 5 
Fixed at one end, Toad sproad equally all over 

a2 
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Of course the distribution of the load may be varied endlessly ; 
in (419), c&e., the whole matter is fully investigated, and the 
effect on the sizes and forms of beams is considered in detail on 
4 principle that admits of universal application. 

The ratios given above are casily applied in practice:—Say 
that we require the depth of a cantilever of Riga Fir, projecting 
5 feet from the wall, to carry safely a load of 1900 Ibs, distri- 
buted all over, the thickness being 3 inches. We find first 
from the ratio 0-50 given above that 1900 Ibs. equally distri- 
buted over a cantilever is equivalent to 1900 + -5 = 3800 The. 
in the centre of a similar beam of the same length supported at 
the two ends as in the rules in (823), and the value of M, for 
safe load being for Riga Fir, 78 Ibs. by col. 3 of Table 67, the 


rule d= 4/{W x L)+ (Mzx b} becomes in our case {3800 x 5) 
+(78x a} = 9 inches, the depth required, &e. 


LATTION GIRDERS, 


(432.) The investigution of the strains on the several parts 
of lattice girders is an interesting study on its own account, 
and is also instructive os illustrating the internal strains in 
girders of other kinds, where the phenomena are often very 
obscure. In lattice girders the tensile and compressive strains 
are confined to certain definite lines formed by tho different 
members of the structure, and this fact enables us to estimate 
the force, direction, and resultants of those strains with a facility 
and precision not attainable with girders of other kinds. 

The forms of lattice girdors aro so vory variable, that in most 
enses the strains on the various parts must be found by analysis 
and reasoning rather than by set rules; but for the main question 
of the Load which can be borne, the Rules for Plate-iron 
Girders in (886), &e., will equally apply to Lattice Girders. 

(433.) Let A, B, C, Fig. 134, be a triangular frame loaded 
with a weight W of 1 ton, the angle of the strut B being 45°. 
Tho woight W may be resolved into two forces on A and B 
respectively by the well-known parallelogram of forces ; making 
the diagonal a equal to the weight W by a scale of equal parts, 
the strain on B will be equal to the length d or ¢, and will be 
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in our case 1-414, or say 1*4 ton by the eame scale, Tho 
strain on A will be equal to the length for g, namely = 1-0, 
Then the strain on B, or 1-4 ton, may be resolved by another 
parallelogram into the two strains on © and A, by making the 
diagonal R = 1:4, when tho length of m or w will give. the 
strain on C = 1-0,and o or p the strain on h = 1-0 also. The 
strain on B is a compressive one, and those on A and © are 
tensile ones: the former are represented by full lines, the latter 
by dotted lines. 

Let Fig. 135 be « aystem of framed rods, in which A, B, C 
are obviously under precisely the samo conditions as in Fig. 134, 
and bear the same strains. We may now find the other etrains 
by reasoning, thus:—the strain on A or 1-0 must evidently be 
transmitted to D, and be borne by that member of the system ; 
but D has also to bear the extra strain from the thrust of 1, 
and as the strain of 1+4 on B caused a strain of 1:0 on A, so 
the etrain of 1-4 on E will cause a strain of 1-0 on D inaddition 
to that transmitted from A; hence the total strain on D = 2-0. 
The strain on B is known to be 1-4, because, as in Fig. 134, 
the weight W = 1-0 produced a strain of 1-4 on B, and 1-0 
on O, 80 in Fig. 135 will the strain of 1-0 on O produco a strain 
of 1-40n Rand 1-Oonr. Similarly,as B gave a strain of 1-0 
on ©, 60 will E cause a strain of 1:0 on F, while G simply 
taking the place of 4 in Fig. 134 bears the same strain, 
mamely 1-0, but the point r having received 1-0 from E, 
has a total strain on it = 2-0, namely, 1:0 from G and 1-0 
from BE. 

(434.) Fig. 126 is a long girder or cantilovor, composed of 
‘a series of frames, as in Fig. 185, and the strains throughout 
may be found by pursuing the same reasoning :—thus we have 
secu that every dingonal, B, B, &c., causes an extra strain of 
1-0 on those members of the top and bottom which receive it, 
tho total strains on the top become 1, 2, 3, 4, 5, and 6; and 
those on the bottom 1,2, 8,4, and 5. After H hus passod the 
foot of the last diagonal K and received its thrust, the strain at 
J becomes § also, Tho strain at the wall, or at J and L, might 
be found direet from tho loverage with which the weight W 
‘acts, for as the length L, M is six times the depth J, L, the 
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L, as found by the preceding analysis. It should 
observed that, whatever the length of the girder may 
strain on the yorticals and diagonals is constant from end to 
end. In all the figures solid lines represent compressive 
strains, and dotted lines tensile ones, 

In Fig. 187 we have a similar girder, but in a reversed 
position, the principal effect being that the strains on the 
diagonals which wore compressive in Fig. 186 become tensile 
in Vig. 137, while the tensile strains on the verticals become 
compressive ones, 

(435.) If we now combine Fig. 186 with Fig. 187 by super- 
imposing one upon the other we obtain Fig. 138; the strains 
on the top and bottom members will evidently be the sum of 
those in Figs. 186 and 187; those on tho diagonals will remain 
unchanged in character and amount, but those on the verticals, 
being tensile in one case and compressive in the other, will 
neutralise each other, showing that there will be no strain upon 
them. They may therefore be omitted altogether as uscloss, as 
ig done in Fig. 138, 

The strain on top and bottom members is of course a maximum 
at the wall, and is equal to 12 tons, ns shown by Fig, 188; we 
may check this result in another way. Thus, the depth of the 
girder being taken as = 1'0, the length in our ease = 6-0, 
therefore the load of 2 tons becomes a atrain of 2x 6 = 12 tons 
ut the wall, as found before. 

Tt will be observed that when, as in Figs. 136, 187, there is 
only one set of diagonals, the strains on the top and bottom 
members increase towards the wall in the simple arithmetical 

io 1,2, 3, &e.; but where there are two sote at similar angles, 

i 138, those strains increase in the order of the odd 
numbers 1, 3, 5,7, &e. Another important fact is, that the 
strain on the diagonals is constant throughout, whatever may 
be the length of the girder. But these statements are true only 
where the strain is taken as a single load at the end, the weight 
of the girder itself being neglected. The effect of the latter, 
being equivalent to an equally distributed load, ig considered 
in (444), 
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(486.) The strain on the diagonals will vary with their angle; 
an equilateral triangle, as in Fig. 139, is commonly usod, and 
the strains on A, B, &c., may be found by the parallelogram of 
forces 3 before, We have to determine first, the ratio between 
a, b, ¢, &e.: let M in Fig. 140 be an equilateral triangle whose 
sides are all = 1-0; we want to know the height of the vertical 
line f. Dividing the triangle into two equal parts, we obtain 
the right-angled triangle N, having its two sides = 1-0 and 
} respectively; thon by the well-known rule for right-angled 
triangles, namely, that the square of the hypothenuse is equal 
to the sum of the squares of the other two sides, we have 
S.= Al (@ — e'), which in our caso becomes (1 — 4°) = “866; 
therefore when, as with O, f=1-0 ton, ¢ will bo 1+ -866 
= 1-155 ton, and as ¢ is half of c, we have ¢ = 1°155+2 
="5775 ton. ‘Transferring these numbers to Fig. 139, we 
obtain the strains on A and B respectively. 

‘The strains on the diagonals will be constant, as we found 
in (495) and Fig. 136, &c., aud will bo 1°155 ton throughout, 
The strain on G in Fig. 139 will be the resultant of tho thrast 
of B and tho pull of ©, and may be found by the parallelogram 
P in Fig, 140, whero the compressive strain of B is converted 
into an equivalent tensile one B’ at the same angle. Making 
B' and © each = 1-155, G is in our case 17155 also, from 
which we find that each pair of diagonals adds 1-155 ton to 
the top and bottom members, which receive their combined 
strains; hence H, Fig. 139, becomes 1+165 + 1-155 = 2°31 
tons. After F has been passed, and the thrust of one more 
diagonal has been received, the strain becomes 2-31 + +5775 
= 2-8875 tons. Again; in the top momber, tho strain on A 
= 5775 ton, as found in (435); onJ it becomes +5775 + 1+155 
= 1-7525 ton; and on K, having received the thrust of F, 
and the pull of EB, it becomes 1-7325 + 1-165 = 2-8875 tons, 
‘or the same as we found for the maximum strain on the bottom 


members. 

(487.) “ Beams with Load in Centre, dc.” —Tho caso of a can- 
tilever, as in Fig. 139, may bo easily converted into that of 
a girder of double length, supported at the onds and londed 
in the centre with 2 tons, Obviously, in order to obtain a 
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strain of 1 ton at cach end, the central load must be 2 tons, 
and the cantilever must be inverted. Seo Figa. 91, 92. 

(488,) “ Rolling Load." —The effect of change of position in 
the load, such as occurs where it rolls slowly without shock 
from end to end of a girder, may bo illustrated by Figa. 144 to 
148 inclusive, the strains throughout being calculated as in the 
preceding examples, starting in each ease with the load on each 
prop asa datum, From these figures we may obtain some useful 
general facts, 

(489.) First,—it will be observed that tho strains on the 
diagonals change with the varying position of the load, not 
only in amount, but also in character, or from tensile to com- 
pressive, and vice-versd. Taking G for example, the strain 
changes from @ tensile one of 5°77 tons in Fig. 146, to a com~ 
pressive one of 3-46 tons in Fig. 147. A strain thus alternating 
or acting in opposite directions, is known (915) to bo very 
trying to any material which in fuct suffers from fatigue; the 
effect is equivalent to the sum of the two strains, or in our ease 
to 5-77 + 3°46 = 9°23 tons acting in one direction only, but 
being alternately laid on and relieved ; this, again, ia more 
trying than a stendy and constant load. ‘These facts should be 
remembered in fixing the “ Factor of safety” (880) for the par 
ticular case; it will also be scon that in a girder for carrying a 
rolling load, all the diagonals must be adapted to sustain both 
tensile and compressive strains, and in many cases should be of 
-L iron, or some such form of section, rather than simple thin 
bars. 

(440.) Sccondly,—the figures show that while the strains on 
the top and bottom members never change their character with 
» rolling load, the amount of the strain varies considerably; 
for instance, from 5‘2 tons tensile strain on M in Fig, 144, to 
5755 ton, also tonsilo, in Fig. 148; and again, from 8-08 tons 
on N in Fig, 145, to 1-155 ton in Fig. 148, both compressive 
strains. This partial relief of the strain every time the load 
passes is much more trying to the material than even the maxi- 
mum load would be if it were a dead and constant strain (912), 
and the “ Factor of eafety” should be higher than for an equal 
statical load. 
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Tt shonld be observed that the strains on the dingonals being 
alternate, or in both directions, while those on the top and 
bottom are simply intermittent, should in strictness lead to the 
use of a higher Factor of Safety for the former than for the 
latter, in the ratio of 2 to 1 (915). 

(441,) “ Effect of Distribution of Load.” —The elfect of two or 
more equal loads may be found by adding together the respective 
strains in two or more of the figures; thus, in Fig. 149 wo 
bave the strains with 10 tons on the apex of every triangle, 
which were obtained by adding together all the corresponding 
strains in the figures from 144 to 148 inclusive. Thus, on 
AA, &, they ure all compressive straina, and their sum is 
28-86 tons; but on D, two are compressive, with a sum of 
1-155 + 3°46 = 4-615 tons, and three are tensile, with a sum 
of 5°77 + 8°46 + 1°155 = 10-885 tons, so that the tensile, 
being 10°385 — 4°615 = 5-77 tons in excess of the compres- 
sive, is the final strain on D, as in Fig. 149. 

(442.) It is remarkable that with an equally distributed load, 
aa in Fig. 149, while the strain on the top and bottom mombers 
ig & maximum at the centre, where it is 87-48 tons, and is 
reduced progressively toward the ends, where it becomes 14°42 
tons; it is just the reverse with the diagonals, being a mini- 
mum, or 5-77 tons, in the centre, increasing progressively to a 
maximum of 28-86 tons at the ends, &e. 

(443.) In Fig. 180 we have the strains with two woights 
each of 10 tons, placed ut equal distances on each side of the 
contre, which ware obtained by combining those in Figs. 145, 
147. It will be thus found that the strains on the disgonals 
between the two weights neutralise one another, being tensile 
in one ease and compressive in the other; they are therefore 
useless, and are omitted altogether in Fig. 150. 

‘The same principles will apply to any other equal or un- 
equal loads on the several points by simple proportion. Thus, 
taking for illustration the diagonal D in all the figures, say we 
have 5 at Z in Fig. 149, then Fig. 144 gives 1-165 x°5 
= 0°578 at D; say 2 at Y gives by Fig. 145, 3-46 x-2 
= 0°692 at D, both being crushing strains, and their sum 
+578 + °692 = 1-27. Thon all tho rest are tensile strains on 
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D; say 8 at X by Fig. 146 becomes 5-77 x “8 = 4-616 at D; 
say 12 at V becomes by Fig. 147, 3-46 x 1-2 = 4-152 at D; 
and say 6 at U gives by Fig. 148, 1-155 x -6 = 0-693 at D. 
‘The sum of the three tensile strains = 4°616 + 4-152 4- 0-693 
= 9-461, and the sum of the two crushing strains being 1-27, 
we have as a final result 9*461 — 1-270 = 8+191 tensile strain 
on D. Applying the same process to the other parts of the 
girder, we may obtain the strains throughout for loads of 5, 2, 
8, 12, and 6, at Z, Y, X, V, and U respectively. 

(444.) “ Eifect of the Weight of the Girder iteclf.”-Wo have 
so far considered only those strains which a given load would 
produce in the different parts of a lattice girder, irrespective of 
those due to the weight of the girder itself. In short girders 
the latter is usually very small in proportion to the load, and 
may in such casos be neglected ; but in long girders it becomes 
important, as shown in (488), &c., and must not be overlooked. 

Tho weight of the girder itself is in effoct equivalent to 
@ load equally distributed all over the length; it will not, 
however, suffice to take it as borne on the top only, as in 
Fig. 149, but rather by the top and bottom equally, as in 
Fig. 151, Oalculating, as before, successively for the loads 
at R, 8, T, Q, we obtain another series of strains which, 
added to those given by Figs, 144 to 148, give the strains in 
Fig. 151, which may be taken as representing the ratios of the 
strains on a girder arising from its own weight. It should 
be observed that we have not only 10 tons at the apex of every 
triangle, but also 5 tons at each end; but as theso latter im- 
pinge direct on the bearings, they cause no strain on the 
members of the girder. The total weight on the girder thus 
becomes 100, or 50 on cach bearing, but the straining weight is 
45 tons only. 

We have here assumed that tho weight of the girder per foot 
run is equal from end to end, which it usually is in ordinary 
cases ; whore, however, the strength and corresponding weight 
of the several parts are graduated from the centre to the ends, 
as would or should be the case in large and important stractures, 
the method of calculating must be modified accordingly. 

‘The genoral effect of the weight of a beam on the load which 
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it will bear is shown most clearly and fully in the case of 
“Similar” beams (488). 

(445.) “ Top Flange.—Lateral Stiffness.’"—The form of sec~ 
tion at the top of a lattice girder, or rather at that part sub- 
jected to compression, is not arbitrary ; there must not only be 
area sufficient to bear the crushing strain, but also a flange of 
considerable breadth, so as to give lateral stiffness sufficient to 
prevent flexure sideways. Tho top flange ofa girder is virtually 
4 pillar, and while yielding by flexure vertically is prevented 
by the diagonals, there is nothing to resist flexure sideways 
except the resistance of the top flange. With long girders 
particularly, considerable breadth is necessary to provent the 
top yielding by flexure with a strain much less than that neces- 
sary to crush the material, 

(446.) For the more perfect investigation of the matter let 
us take the case of the long girder in (681) and Fig. 155: the 
total length being 32 feet with 16 bays, each bay is 2 feet. 
Now, obviously, the part of the top flange betwoen the points 
@, a, isa pillar 4 fect long comprosiod with 15 tons; between 
b, b, « pillar § fect long loaded with 13 tons, ce., &e.; hence 
we have a series of pillars with lengths varying by increments 
of 4 fect, namely :=— 

a 28 4 20 n 8 4 


feet long, the corresponding compressive strains being 
1 8 5 7 9 tt as" Var 


tons, and the question is, with which of those longths and cor- 
responding strains the lateral strength required to resist flexure 
at the centre becomes a maximum, 

By (147) it is shown that tho tendency of a pillar of wrought 
iron to break by flexure is proportional to W x L*, which in 
our case becomes >— 


10243522880 2800) 2804 1584 832240 


which being & maximum with 5 tons and a length of 24 fet, 
or ¢, ¢, in Fig. 155, shows that with a flange of the same size 
throughout, this is the weakest pillar of the set, and that the 
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breadth required for that length and weight being greater than 
any other, governs the case (448). 

‘These rectangular pillars are under peculiar conditions, being 
foroed to yield by flexure in the direction of their larger 
dimension ; of course an ordinary rectangular pillar of unequal 
dimonsions, left to iteelf, would fail by besding in Goo aicsatian 
of its least dimension: in a lattice girder this is by 
the diagonals. By col. 4 of Table 34, M, = 162900 Ibs, which 
with Fuctor of Safety = 3 becomes 162900 + (112 x 8) = 
485 owt,: then the rule (235) may be modified into:— 


(447) BY = (W x L’) + (480 x d. 


In which W = the safe working dead load in ewts.; L = the 
length of the pillar in fect; B = the breadth or greatest dimen- 
sion of a rectangular pillar, and ¢ = the thickness or least 
dimension of the same, both in inches. For 24 feet and 5 tons, 
or 100 cwt,, a8 in our caso, and assuming ¢ = } inch, we obtain 

= (100 x 576) + (480 x }) = 240, which is the 26 
power of B, By logarithms log. 240 = 2°38 + 2°6 = +915, 
which is the log. of 8-22 inches, the breadth B, required. To 
show that the breadth i¢ a maximum with the length we have 
taken, we may calculate it for the next greater and next less 
lengths: thus, with 20 fect, or d, d, in Fig. 155, the strain by 


(446) is 7 tons, or 140 ewt., and we have {140° 400) (480 
x +} = 8'142 inches, For 28 foot, or ¢, ¢, in Pig. 155, and 


$ tons, or 60 owt., we obtain {60 x 784) + (480 x aye =T615 
inches; both being less than 8-22 inches as found for 24 feet. 
‘Tho actual breadth of the top flange in Fig. 141 given by two 
angle-irons and the J-inch diagonals was 8} inches. 

(448.) In an ordinary plate-iron girder with a continuous 
vertical web the strains would be found to increase, not by 
steps of 2 tons, ns in Fig. 165, but in regular arithmetical pro- 
gression from the ends where it is nothing to the centre where 
it attains a maximum, und it will be found that the tendency to 
yield by flexure at the contre is a maximum with one-third of 
the maximum or central strain, which by the conditions of the 
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case is exerted on an acting length of two-thirds of the extreme 
length of the girder. Thus, let Fig. 142 be a girder 9 foot 
long and 1 foot deep loaded with 4 tons in the centre, giving 
2 tons on cach prop, which ix equivalent to a cantilever, Fig. 
143, 4} feet long, fixod in a wall at one end, and loaded with 
2 tons at the other. The strain on the top and bottom members 
at the wall is therefore 2 x 4}+1= 9 tons, equivalent to 
9 tons at the centre of the girder, Fig. 142, Then wo have 
the series of longitudinal strains given in the figure, increasing 
in arithmetical progression, and we thus obtain a series of 
imaginary pillars with lengths of — 

9 1 2 3 4 5 6 7 8 9 
feet, the corresponding longitudinal compressive strains being 

9 8 7 6 5 4 8 2 1 0 


tons. Then the tendency to break by flexure at the centre 
being in the ratio W x L’, becomes 


0 8 28 % 80 100 108 98 GF o 


which is a maximum with 6 foot, or two-thirds of the extrome 
length, and the corresponding strain of 3 tons, or one-third of 
the maximum or central strain. Tho practical application of 
these lawa to plate-iron girders is Mustrated by (394). 

(449.) “ Effective, and Extreme Depth.” —It should be observed 
that in the diagrams, Figs. 136-151, the strains are taken as 
acting on mathematical lines, or centres of strain, and that in 
dealing with practical cases, the depth taken ax o basis for 
calculation should not be the extreme depth of the girder, but 
rather the distance between centres of the resisting forces of 
cohesion and crushing, which may be taken as coincident with 
the cntres of gravity of the sections of the top and bottom 
members of the girder (885), (684). Tho differonee between 
the effective depth thus measured and the extreme depth is 
somotimes considerable, but in practical rules it is allowed for 
in fixing the valuo of the constant (390). 





CHAPTER XI. 
ON “SIMILAR” BEAMS. 


(450.) Beams are termed “ Mathematically Similar” when 
all the dimensions of one bear a given proportion to all the 
corresponding dimensions of the others. Thus, in Fig 152, 
A, B, © are three similar tubular beams of plate-iron, or other 
material, the length, depth, breadth, and thickness of B, being 
double the corresponding dimensions of A, and in ©, triple 
those of A. Again, in Fig. 153, D, E, F are three similar 
cast-iron girders, all the corresponding dimensions being in the 
ratio 1, 2, 3, as before. 

We may now complete the illustrations by calculating the 
breaking weight of those beams. For the wrought-iron tubular 
beams A,B, C, we may take the value of Mz at 8200 Ibs. (975), 
then rule (330) becomes with— 


peeeor ors *8) 


_ (4 x 2) — (3-6 x 1:6) 


x 8200 4= 1833-76 Iba, 


B 


rt x 8200+ 8 = 5835-04 Ibs, 
og = (BX 8) = (5A" x 2-4) 
ee 


x 3200 + 12 = 12008-84 Ibe. 


Now, it will be observed that the linear dimensions being in 
the ratio 1, 2, 3, the loads are in the ratio of the squares of 
those numbers, or 1, 4,9. We should obtain the same Ratios 
by the special rules (377), or even by the incorrect old rule 
(387), although the calculated loads would differ in amount. 

(451.) For the cast-iron girders D, E, F, we may take tho 
value of My at +92 ton (335); then calculating by the special 
rule in (878), we obtain :— 


Ton 
D= {i x24] xD+4—9] x4} x O24 5= 6r0t0 


B= (i x4) +@ 1) x)4+@ - 67) x8} x “92 +10 = 24-196 


F= {rx +@=1F] x1) 4027-97] x 13} x 02415 = 54-441 
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Here again, the linear dimensions being in the ratio 1, 2, 3, 
the loads aro in the ratio of the squares of thoso numbers, or 
1, 4, 9, &e. 

(452.) “General Laws for Similar Beams."—Mr. Tate and 
others have shown that there are some general laws governing 
the relations of similar beams, which are very useful, by 
enabling us to reason from one whose strength is known by 
experiment, to another of very different sizes, but similar pro- 
portions, whose strength wo desire to know. Thus, as an 
extrema case, it is shown in (475) that the strength and sizos 
of the great tabular bridge at Conway, 400 fect span, and 
weighing 1080 tons, might be calculated with approximate 
accuracy from the experimental strength of a little model tube 
8} feot span, woighing only 44 Ibs. Fign 152, 158, will enable 
us to illnstrate the principal laws for similar beams. 

(458.) Ist. The breaking loads of similar beams are to each 
other as their sectional areas:—thus, the areas of A, B, © are 
0-56, 2°24, and 5-04, and of D, HB, F, 6-25, 25-0, and 56-25 
square inches respectively, which in both cases are in tho 
ratios of the breaking weights 1, 4, 9. 

(454.) 2nd. In similar beams, the cubes of the breaking loads 
are to each other ux the squares of the weights of the beams 
between supports. Thus, the breaking loads in our figures 
being in the ratio 1, 4, 9, wo have 1*, 4’, 9%, or 1-0, 64, and 729, 
which are the ratios of the squares of the weights of the beams, 
for 1", 8%, and 27* are = 1, 64, and 729. 

(455.) 8rd. The breaking weights of beams of similar Koc- 
tions, but of varying lengths, are equal to the continued product 
of the whole cross-sectional area, the depth, and a constant 
derived from experiment for the particular form of beam, 
material, &., divided by the length, or distance between sup- 
porta, hence we have the rules:— 

(456.) W=axdxM+l 

(457.) a =(WxD+(d x M). 

(458.) M = (Wx D+(ax d). 

In which W = the weight or load on the beam in Ibs., tons 
&o., dependent on the terms of M ; a = the whole cro: ma 





area in square inches; d = the depth in inches ; 1 = the length 
or distance between supports in inches; and M = a constant 

* from experiment, &c. Thus taking the girder B, Fig. 153, we 
may find the value of M: here W = 24-196 tons, as found in 
(451); a = 25 square inches ; d = 8 inches, and J = 120 inghes 
"Thon M = (24-196 x 120) + (25 x 8) = 14-5176. Now 
applying this, for example, to the girder F, where a = 56-25, 
d = 12,and1 = 180, we obtain W = 56°25 x 12 x 14-5176 
- 180 = 54-441 tons, as before, de, (451). 

(459.) 4th. The breaking weights of beams of similar sections, 
but all of the same length, are as the cubes of the linear ratios 
of the sections. Thus, if the beams A, B, 0 had all been say 
4 foot long, or the length of A, tho breaking weights would evi- 
dently have been in the ratio 1, 8, 27, instead of 1, 4, 9:>—thon 
the linear ratio of the sections being 1, 2, 3, we have 1°, 2, 8%, 
or 1, 8, 27, which is also the ratio of the breaking weights. 

460.) 5th, In beams having similar sections but different 
lengths, L and 7, corresponding to breaking weights W and w, 
the relations are expressed by the equation w = R°x Wx L 
+ 1, in which R = the linear ratio of the two soctions. Thus, 
with the cast-iron girder D in Fig, 153, we have W = 1, and 
L = 5; then comparing with the girder F, we have R = 8, 
from which we obtain the relative breaking weight of F = 3* 
x 1x 5+15 =9; that is to say, if the breaking weight of 
D =1, that of F will be 9. Similarly, reasoning from D to E, 
we have R = 2, and w comes out 2 x 1x 5+10=4, the 
relative breaking weight of B, &c. 

(461.) 6th. The breaking weights of similar beams are to 
each other as the squares of their linear dimensions. ‘Thus, 
with Figs. 152, 153, in A, B, C, or in D, B, F, the ratio of the 
linear dimensions is 1, 2, 3, and 1, 2°, 3%, or 1, 4, 9, is the ratio 
of the breaking weights, as given by the figures and shown by 
(450), (451). 

(462.) 7th. In beams of similar sections the cubo-root of the 
breaking weights multiplied by the respective lengths, is in the 
simple ratio of the linear dimensions, or Y W x L = RB. 
Thus, in the tubular beams A, B, 0, we have breaking weights 
in the ratio 1, 4, 9, corresponding to lengths in the ratio 4, 8, 
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19; then we have YIx4 = 1-587; Jax 8 = 8-174; 
and 4/9 x 12 = 4-762, which are in the lincar ratio of the 
soctions, or 1, 2,3. Similarly with the cast-iron girders D, E, 
F, in Fig. 158, we have YI x 6 = 1-71; Yfx 10 = 8-42; 
and ¥9x 15 = 5°13; which aro still in tho linear ratio of 
the sections, or 1,2,3. This rule will be found useful in giving 
the sizes for “ Unit” girders, or girders for a load = 1-0 with 
‘a length = 1-0, from which the sizes necessary for any load 
aud length are easily obtained from direct experiment on beams 
of any size or form (185). 

(463) 8th. The breaking weights of similar cast-iron girders 
are to each othor as the areas of their bottom flanges. Thos, in 
the girders D, B, F, Fig. 152, the areas of the bottom flanges 
are 4, 16, and 36 square inches respectively, or in the ratio 
1, 4, 9, which is also the ratio of the breaking weights. 


(464) %th. The breaking weights of girders of similar soo- 
tions are to each other as the areas of their bottom flanges, 
multiplied by the respective dopths, and by a constant adapted 
to the particular form of soction, divided by the length between 


W=axdxM=l 

a =(W x I) +(d x M). 

M=(W x I) + (a x d). 
Tn which a = the area of tho bottom flange in square inchos, 
and the rest as in (458). Tho valuo of M will vary with the 
forin of soction; for the section given by Fig, 153 it is 22-68 
for tons :—thus with F we have (54-441 x 180) + (36 x 12) 
=22-68=M. 

For the form of section recommended by Mr. Hodgkinson 
(851) and Fig. 79, with top and bottom flanges having areas in 
the ratio 1 to 6, he givos the value of M at 26, for finding the 
treaking weight in tons. With that value for M, we obtain for 
the girder D, 4 x 4 x 26+ 60 = 6-933 tons: for B, 16 x 8 
% 26 = 120 = 27-73 tons; and for F,36 x 12 x 26 + 180 
= 62-4 tons, and those breaking weights are in the ratio 1, 4, 
9, as in Fig. 153. 
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(468.) 10th. In similar beams the weights of the beams bo- 
tween supports are proportional to the cubes of the linear ratio 
of the dimensions, Thus, in Figs. 152, 153, the linear ratio 
being 1, 2, 3, we have 1°, 2°, 3%, or 1, 8, 27, which is also the 
ratio of the weights of the beams. 

We may now give some illustrations of the application of 
these laws to cases in practice. 

(469.) The 6th law in (461) statos that the breaking weights 
of similar beams are to each other as the squares of their linear 
dimensions. Mr. Hodgkinson made some experiments with the 
spocial object of testing the accuracy of this law as applicd 
to tubular beams. These experiments had particular reference 
to the great Britannia and Conway bridges, in which tubular 
beams were used for the first time on a large scale, Little 
or nothing was at that time known of the strength of beams 
of the tabular form, and it was highly necessary that the theo 
retical laws should be checked by experiment. In Table 78 the 
beams are grouped together in pairs, selected so as to be 
“similar” in all respects as nearly as possible, but also very 
different in dimensions, the special object being to show how far 
the strength of a large Tubular beam could be calculated with 
accuracy from that of its amall fellow. Of course it was impos- 
sible in practice to preserve precisely any given ratio between 
ali the dimensions; for instance, in Nos, 9 and 10 the ratio 
intended was 1 to 12, a3 in col. 6, but the actual ratios of the 
dopths, breadths, and thicknesses of plate were 11-92, 12°31, 
and 12-29 respectively, as shown by cols. 7,8,an19. The 
best that can be done under these circumstances is to take the 
mean ratio of the four dimensions as the general ratio or value 
of R, and this is given by col. 10 = 12°13, 

(470.) Now, the experimental breaking weight of the small 
beam of this pair, as given by col. 2, is 1-127 ton, and 12-13* 
being 147-1, we obtain 1-127 x 147-1 = 165-8 tons as the 
strength of the large beam, col. 14. But experiment gave 
118+ 02 tons only, hence we have 165-8 + 118-02 = 1°405, or 
an error of +- 40-5 per cont., as in col. 15, Calculating in this 
way throughout, the mean error of the whole sories of experi- 
ments is + 17-58 por cent., col. 15, showing that the theoretical 


a2 
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ratio R’ is too high, and we have to find the power of R which 
will agree with the experiments. Thus, with Nos. 9 and 10, 
the logarithm of 118-02 = 2-071889; of 1-127 = 0-O51924; 
and of 12-13 = 1-088861. Using these numbers logarith- 
mically we obtain (2-071889—0- 051924) + 1-083861=1-S64, 
as in col. 11, which is the power of the ratio of the linear dimen- 
sions, or R, agreoing with the experimental strengths of this 
pair of beams, so that instead of R* as due by theory, we have 
Ri due to experiment, as given in col. 11, which gives through 
out the power of R for each pair of beams, the mean of the 
whole being 1-9062. 

(471.) We may therefore admit that the mean power of the 
ratio governing the strength of “similar” tubular beams of 
wrought plate-iron is R'* instead of R* due by theory: the 
effect of this apparently small difference is in extreme cases very 
great, as shown in (482). 

Col. 12 has been calcnlated by that ratio throughout; thes, 
in Nos. 9, 10, the mean ratioR = 12-13, the logarithm of which, 
or 1-083861 x 1°9 = 2-059336, the natural number due to 
which is 114-65 :—then the breaking weight of the small tube 
being 1+127 ton, we obtain 1-127 x 114°65 = 129-2 tons, the 
breaking weight of the large tube, as in col. 12. Experiment 
gave 118-02 tons, hence we have 129-2+ 118-02 = 1-095, 
or an error of + 9°5 per cent., col. 13: the mean error of the 
whole series as thus calculated is — 0-7 per cont. only. 

(472.) With the modification of R** instead of R*, the cor- 
roctness of the theoretical law is fairly borne out by the experi- 
ments. Tho rule was thus tested because thore was some doubt 
whether it would hold in the case of tubular beams made with* 
thin plates of wrought iron, which have a tendenoy to fail by 
wrinkling with « strain much lower than is necessary to crush 
the material. But it is shown in (316) that when the thickness 
and breadth of the plate subjected to compression are both 
increased in the same ratio, which of course is the case with 
“similar” beams, the Wrinkling strain per square inch remaing 
constant, the rule (308) being Ww = 4/tw— by x 104. ‘Thus, 
with thro plates of the respective thicknesses yy, yy yy ineh, 
and breadths 10, 20, 30 inches, we havo 4/*1 
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= 10-4; J°2 +20 x 104 = 10-4; and f-3 +30 x 104 
= 10-4 tons per square inch, Wy being constant. Table 78 
shows that this law is correct as applied to tubular beams, even 
with such a ratio in the sizes ag 12 to 1, and as illustrated by 
Fig. 100. 

(473.) * Conway ‘Tube."—We may now apply this lnw to the 
calealation of the strength of the great tube of the Conway 
Bridge, A large model tube was made, 75 feet long between 
bearings, and when the best proportions of the areas ut the top 
and ‘bottom had beon decided by many experiments, tho tube 
was finally broken with 86°25 tons in the centre ; but the weight 
of the tube itself was 5-8 tons, which, being a distributed load, 
is equivalent to 5-8-2 = 2-9 tons in the contre; the tofal 
breaking load was therefore 86°25 + 2:9 = 89°15 tons. 

Tho breaking weight of similar beams being by the modified 
rule (471) proportional to R'*, the length of the model tube 
76 fest, and of the Conway tube 400 foot, we get 89°15 x 400'* 
+75" = 2145 tons, the details of the calculation being ax 
follows. The logarithm of 400, or 2-602 x 1-9 < 4-9488, the 
natural number due to which, or 87,870, is the 1-9 power of 
400: then the log. of 75, or 1-875 x 1-9 = 38-5625, the natural 
number due to which, or 3652, is the 1*9 powor of 75. The 
breaking weight of the model tube, or 89-16 x 8787 
= 2145 tons in the contre, the total gross breaking weight of 
the Conway tubs. 

(474) By tho 10th law (468) the weights of similar beams 
are proportional to the cubes of the linear dimensions :—in our 
case we have 5-8 x 400* + 75° = 880 tons: theactual weight 
of the Conway tube, 424 foot long, was 1146 tons, but between 
bearings 400 feet apart, it would be about 1146 x 400 + 424 
= 1080 tons, which, being a distributed load, is equivalent to 
540 tons in the centre, henee the useful load would be 2145 — 
540 = 1605 tons in the centro. It was found necessary, in 
order to resist tho shearing strain (403) at the bearings, to 
introduces about 3U0 tons of cast-iron frames, but as these were 
principally at the ends they would not sensibly increase the 
Joad npon the beam. 

(475.) The model tube was in this case made of the largest 





practicable dimensions, the ratio to the large tube being as 
1:0 to 5-34, and this was doubtless the most prodent course to 
adopt. But ag a matter of fact, and a wonderful illustration of 
the correctness of the law R', we may show that the stréngth 
of the great tube at Conway, 400 feet span and weighing 1080 
tons, may be calculated with approximate accuracy from the 
experimental strength of a little model 8 feet span, weighing 
only 44 Iba. In this case the ratio of the dimensions is 
400 + 3-75 = 106-7 tol-0: the log. of 106-7 or 2028164 x 
1-9 = $-8585, the natural number due to which, or 7137 !! is 
the rmtio of the breaking weights. By col. 2 in Table 78 the 
breaking load of the little model No. 8 was 0-3009 ton, henee 
the strength of the great tube would be 0°3009 «x 718T= 
2147 tons, differing very little from 2145 tons as found im (473) 
from the strength of the 75-foot model. Then following out the 
ratio we may obtain the general dimensions of the great tube 
from those of the little one; thus, the depth of the little tube 
being 3 inches or "25 feet, that of the great one comes out 
-25 x 106:7 = 26-7 feet: the actual depth was 25-5 feet, 
The breadth would be 106-7 x 1-9 + 12 = 16-8 feet, the actual 
breadth = 14-7 feet. The thickness of plate comes out -03 x 
106-7 = 3-2 inches, and the width of the top plate being 16-8 
fect or 202 inches, the arca at the top would be 202 x 3-2 = 
646 square inches: the actual area was 565 square inches, &c, 
which for practical reasons was arranged as cells of thin plate- 
iron } inch thick. 

If, in calculating the strength of the Conway tube from the 
75-foot model, we had taken the theoretical ratio R*, we should 
obtain 89°15 x 400* + 75* = 2536 tons in the centre breaking 
weight, or 2536 — 540 = 1996 tons net, exclusive of the weight 
of the tube itself. 

(476.) It is an inconvenience of this 6th law (461) that all 
the dimensions should be in an exact given ratio, a condition 
that is somctimes difficult to fulfil in practice. The third law 

+ (455) is more clastic, for though the value of M is adapted 
strictly only to beams that are mathematically “similar,” still 
small departures from that primary condition aro unimportant, 
and variations in the dimensions are met by the rule, 
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Applying this 8rd law to the 75-foot model tube and the 
Conway Bridge as before, we have the areas of the whole cross- 
section 55°47, and 1530 square inches respectively. Then, the 
model tube being 4-5 fect decp, we get the value of M by the 
rule M =(W x L) + (a x D), which, taking L and D both 
in feet, becomes ‘in our case (89°15 x 75) (55-47 x 4:5) 
= 26-8 the value of M. In the Conway tube L = 400, 
D = 25-5, and a = 1530 square inches; hence the rule W = 
ax Dx M=L, becomes 1530 x 25-5 x 26°8 + 400 = 
2614 tons gross, or 2614 — 540 = 2074 tons net central break- 
ing weight. This differs but little from 1996 tons as found by 
the 6th law in (475), where the theoretical ratio R’ is taken as 
& basis, but is much in excess of 1605 tons as found in (473) 
with the corrected experimental ratio R'’, which is unques- 
tionably the most correct. 

(A77.) The Ist law in (453), that the breaking weights of 
similar beams are simply proportional to their respective cross- 
sectional areas, may be illustrated from the same examples. 
Thns, the areas being 55-47, and 1530 square inches, and the 
gross breaking weight of the small tube being 89-15 tons, that 
of the large one will be 89-15 x 1580 + 55-47 = 2459 tons 

or 2459 — 540 = 1919 tons net. 

(478.) The 9th law (464) gives us valuable practical rules 
for cast-iron girders more particularly:—thus for the propor- 
tions recommended by Mr. Hodgkinson, where the flanges have 
areas in the ratio of 6 to 1, he gives, from his own experiments, 
the value of M at 26 for the breaking weight in tons. Fig. 79 
gives the section of large girders experimented upon by Mr. 
Owen (see Table 68): the mean breaking weight by thirteen 
experiments was 38-3 tons with a length of 16 feet between 
bearings. The area of the flanges was 6 to 1, and that of the 
bottom one 1:75 x 12 = 21 square inches; then the rule 
W=axdx M=1, becomes 21 x 14 x 26 + 192 = 39-81 
tons. The multiplier 26 is strictly applicable only to girders 
with flanges in the proportions of 6 to 1. (See 351.) 

(479.) This law may also be applied to plate-iron tubular 
beams; but some caution is necessary here, because the rule, 
taking the bottom flange alone as the index of the strength, pre~ 
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supposes that the other parts of the beam, such as the top 
plate, &c., are not weaker than the bottom flange or plate, &e. 
Tn cast-iron girders this condition is generally realised, because 
the tensile strength of cast iron is only jth of its compres- 
sive strength, and for that reason the bottom flango is usually 
the weak part. But with wrought iron, although the tensile 
and crushing strains are nearly equal (377), the tendeney 
of thin plates to wrinkle or corrugate with less than the erush- 
ing strain, causes the top flange or plate to be frequently the 
wouk member, and therefore to govern the case. 

(480.) Taking again the 75-foot model tube: after the top 
plate had been duly strengthoned until the beam failed by the 
bottom plate giving way undor the tensile strain, we had an 
area of 22-45 square inches at the bottom, with a depth of 4-5 
feet, and a length of 75 feet. In the Conway tube the bottom 
area was 500 square inches, the depth 25-5 fect, and the length 
400 fect: hence the rule M = (W x L) + (a x D), taking 
L and D in feet, becomes (89°15 x 75) + (22°45 x 4°56) = 66. 
‘Then for the Conway tube, the mle W = ax Dx M+L, 
becomes 500 x 25°5 x 66 +400 = 2104 tons gross, or 2104 — 
540 = 1564 tons net. 

(481.) We have thus obtained by different rules various 
values for the strength of the Conway tubo; the variations are 
not very great, and any of the results are sufficiently correct for 
the requirements of practice, a small error being in any case 
amply covered by the Factor of Safety, which for a Railway 
Bridge would not be less than 6. Collecting these results :-— 


By Rule 6, with R'* we found in (473) 2145 tons, gross. 
6 (475) 2586 
at Ae (476) 2614 
Ay oe (477) 2459 
ae » (480) 2104 


(482.) The difference between R' and R'’ in the 6th law is 
of course most considerable when R, or the difference in the 
sizos of the model and the beam, is very great, and in such cases 





SIMILAR” BEAMS: CAST-IRON GIRDERS, 265 


more particularly the 6th Rule (461) will no doubt with R** 
give more correct results than any of the others. For instance, 
if we calculate the strength of the Conway tube from that of the 
little model as in (475) by the 6th law as before, but with 
RP instead of R'’, we should have a difference or error of 
59 per cent. The ratio R is in this case 106-7 to 1, hence we 
obtain 0-3092 x 106-7* = $520 tons gross, instead of 2207 tons 
as in (475) difference of 3520 +2207 = 1-59, or + 59 per 
cent. ; this being due to the difference between 106°7* = 11385, 
and 106-7** = 7137. 

(483.) The 7th law in (462) is a very useful one, enabling us 
to reason direet from a girder of any form whose strength is 
known by experiment, to another similar girder for any span 
and load whose sizes we require. For instance, Fig. 156 is the 
section of a cast-iron girdor 4} fect betwocn boarings, whose 
breaking weight was found by Mr. Hodgkinson to be 6-456 
tons in the centre. Now, say that we roquire to find from this 
the sizes for a girder of similar section, to bear safely 20 tons 
in the contre, with a length of 25 feet. With Fuctor 3, we 
have 20 x 3 = 60 tons breaking weight:—then by Rule 7, 
putting w and I for the broaking weight and length of the 
experimental girder, and W and L. for the breaking weight and 
Jength of the girder roquired, we have :— 

(484) Mo = JWxL+ Yoxd 
which in our case becomes G0 x 25 + ¥ 6-456 X45 =3-71, 
the value of M,, a multiplier, which, applied to all the cross 
sectional dimensions of Fig. 156, will give the corresponding 
dimensions of Fig. 157. Thus, for the depth we have 
5-125 x 8°71 = 19 inches; for the breadth of the bottom 
flange 4°16 x 8-71 = 15-43, or say 15} inches, &e., &e., and 
we thus obtain all the sizes in Fig. 167 from direct experiment 
on a Similar girder, 

The most useful application of this mothod is in cases where 
for particular reasons the section required is of unusual form, 
such as to be not easily calculated by the ordinary rules. In 
such @ caso the most satisfactory course is to make model 
girder, as large as conveniently possible, which, being experi- 
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mentally broken, will supply data for calculating the sizes of 
tho girder roquired (901). 

(485.) “ Unit Girders."—The 7th Taw in (462) will also 
enable us to find, from direct experiment or otherwise, the sizes 
of “Unit” girdors 1 foot long with a breaking weight of 1 tan, 
from which we may easily obtain tho sizes n for 
similar girders with other loads and lengths by the Rule:— 

(486.) My = YWx L. 

In which W = the load on the centre of the girder in Tbs., tons, 
&c., dopendenton Me; L = the length in fect,and My =acon- 
stant, Thus, taking again the girder, Fig. 156, the rule in our 
case becomes My = ¥ 6-456 x 4°5 = 3:074:—now dividing 
all the cross-sectional dimensions of Fig. 156 by 3-074, we 
obtain the corresponding sizes of the “ oxrr” girder, Fig, 160: 
thus for the depth wo obtain 5-125 + 3-074 = 1-667: for the 
bottom flange 4°16 + 3-074 = 1-353 inch, &e.,, &e, 

(487.) ‘Then, to apply this to other cases, say for a girder as 
in (483), 60 tons breaking weight and 25 fect long, the rule 
YW L= My becomes ¥60 x 25 = 11-4, and by multi- 
plying all the crose-sectional sizes of the “Unit” girder, 
Fig. 160, by 11:4 we obtain the corresponding sizes for the 
girder required. Thus, the depth will be 1-667 x 11-4 = 19 
inches; the width of bottom flange, 1-853 11-4 = 15-4, say 
15} inches, o., &e., ax in Fig. 157. 

We have thus obtained the series of “Unit” girders, Figs, 
158 to 163, any one of which may be used in the way we have 
illustrated : all of these Unit sections have been calculated from 
girders experimented upon by Mr. Hodgkinson, In making a 
election we should be guided by the spocial roquirements of 
practice :—for instance, where grout stiffness is required, say 
for carrying « water-tank, where considerable deflection would 
strain and endanger tho joints, wo should select a deep one, such 
as Fig. 159; in other cases great depth might be inadmissible, 
and say Fig. 162 would be selected; in other cases we may 
require a wide top flange for a Bressummer to carry a wall, 
and Fig. 158 would be the most suitable, &c. See (618) and 
Fig. 208. 





“SIMILAR” BEAMS: EFFECT OF OWN wEIoHT. 267 


(A88.) “Effect of the Weight of the Beam itself.”—The laws 
for “ Similar Beams” will enable us to show most clearly the 
effect of the weight of the beam itself on the total load which it 
can bear. It is important to remember that the breaking weight 
of a beam must always be composed of two different loads, one 
being the weight of the beam itself, and the other the extra load 
Jaid upon it; moreover, that the proportion between these two 
is very variable (490). In short beams, the woight bears a 
yery small proportion to the load, and in most ordinary cases 
may be safely neglected, but with long beams, the proportion 
rises with the length, until the whole strength of the beam is 
required to carry its own weight, and it can bear no extra load 
whatever (492). Tn the large tube of the Conway Bridgo the 
woight was 1080 tons (474), which is equivalent to 1080+ 2 
= 540 tons in the centre, and this is about jth of the 
total strength of the beam, or 2145 tons, as calculated in 

473). 

: (489.) If we take a series of “Similar” beams, with lengths 
and all other dimensions in the ratio 1,2,3.... 10, the 6th 
law in (461) shows that the breaking weights will bo propor- 
tional to the squares of those numbers, and by the 10th law in 
(468) the weights of the beams will be as the cubes, Thus, 
with beams haying all their dimensions, lengths, depths, 
breadths, and thicknesses in the ratio:— 


1 2 8 4 5 6 7 8 9 10 


the fotal breaking weights taken as a distributed load, including 
the strain from the weight of the beam itself, would be in the 
ratio of the squares of those numbers (461), say 


0 40 © 160 20 360 490 640 S10 1000 
Now, say that tho weights of the beams between supports, 


being by (468) in the ratio of the cubes of the dimensions, 
ares— 


1 8 2 G 125 216 343 572 729 1000 


‘Thon, the useful load borne, over and above the weights of the 
‘beams themselyes, would obviously be found by deducting the 
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Hence, with the smallest beam of the series, the weight of the 
beam itself is jth, and the useful load yjths of the total 
strength :—with the length, &c. = 5, the weight of the beam 
is 4, and tho useful load 4 the total strength. But with the 
lnrgest beam of the series, the weight of the beam itself is 
equal to the total strength, and it can bear no useful load 
whatever. 

(490.) We have seon (488) that with the large Conway tube 
the weight of the beam was 4th of the total strength. With the 
75-foot model tube (473) it was 2-9 + 89 +0825, or gyth of 
the total strength. With the little model tube No. 8 in Table 
78, the weight between supports was 4°34 Ibs, equivalent to 
4-34 + 2 = 2-17 Ibs, in the centro, and the total breaking 

ig] 672 +2 = 674 Ibs,, the woight of the beam is 
2-17 + 674 = -00322, or },th of the total strength. 

(491.) “ Effect with Large Beams.”—With very large beams 
the effect of the strain due to the weight of the tube is to com- 
plicate considerably the application of the “Factor of Safety." 
The majority of our leading Enginecrs admit 6 as the value of 
that Factor for Railway Bridges, or that the beam may be 
strained to {th of its breaking weight only, for a moving load 
such as @ train. But we have seen that in the case of the 
Conway tube the weight of the tube alone strains the structure 
far beyond that limit, in fact to }th of the breaking weight: 
hence the highest possible Factor = 4. Thus tho calculated 
breaking weight of that tube by the most corroct method of 
calculation (473) being 2145 tons, the safe load with Factor 6 
is 2145 + 6 = 358 tons, but as wo have seen (474) the strain 
duo to the weight of the tube itself is 540 tone. 

It is shown, however, in (839) that in most cases the strain 

produced bya rapid train is very little greator than that due to 
a aaa load, for which, as shown by (885), (886), the Factor for 
cast or wrought iron may be taken at 3. Then, with tho 
Conwuy tube we obtain 2145-~ 3 = 715 tons total safe load, 





and as the strain duc to the weight of the tube is 540 tons, we 
have 715 — 540 = 175 tons for the weight of the train. 

(492.) Tt may easily be shown that if the length of the 
Conway tube were doubled, the span becoming 800 feet, and all 
the cross-sectional dimensions were retained, the beam would 
break with its own weight; for obviously the breaking load 
would be reduced to half or to 2145-22 = 1078 tons, while 
the weight of the beam being doubled becomes 540 x 2 = 1080 
‘tons. 

Tf, on the other hand, all the dimensions were increased in 
the same ratio, the length with which the beam would break 
with its own weight would be 1600 feet, or 4 times its prosent 
span. In that case, the breaking weight increasing as the 
square of the dimensions becomes 2145 x 4* = 34320 tons, and 
the weight of the tube itself increasing as the cube of the 
dimensions becomes 510 x 4* = 34560 tons, &c. We have 


hore, however, taken the theoretical ratio R* instead of the more 
correct experimental ratio R'* (471), 


THE CONNECTION OF THE TENSILE AND CRUSHING STRAINS WITH 
THE TRANSVERSE STRAIN, 


(498.) When.a beam is fixed nt ono end and loaded at the 
other, the transverse strain is resolved into a tensile one at the 
upper part of the section, and a crushing one at the lower part. 
‘There is therefore.an intimate connection between the trans- 
verse strength of a material, and its strength in resisting tensile 
and crushing strains, and our present object is to investigate 
the nature of that connection, and to obtain rules that will 
enable ws to calculate any one of those three strains, when the 
other two are known by experiment. 

(494,) Lat Pig. 165 be a beam or cantilever built into a wall 
and unloaded, the depth being 20 inches, the breadth 1 inch, 
and the length 100 inches. Fig. 166 is the same beam loaded 
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at the end with a weight W, the tendency of which is to cause 
the beam to rotate round the “neutral axis” N.A., the fibres 
above that line being stretched in a ratio increasing in simple 
arithmetical progression from the neutral axis, where it is 
nothing, to the upper edge of the section, where itis a maximum, 
and if we admit that the strains are simply proportional to the 
extensions (which is not strictly true (604) ), thoze strains will 
obviously increase in arithmetical progression also, and it will 
follow that if the beam is loaded up to the point of rupture, it 
will give way at first by the fracture of the uppor fibres, the 
rest following in succession, Obviously, the fibres below the 
neutral axis are compressed and subjected to a crnshing strain 
increasing from the neutral axia to the lower edge of the section, 
where it becomes a maximum. 

(495.) If the tensile and crushing strengths are equal to one 
another, the neutral axis will be in the centre of the section ux 
in Fig. 166: assuming for illustration that they are thus equal, 
and that the macimum strength is 10 tons per square inch, we 
have in Fig. 164 a section of the beam to a larger seale, and 
can calculate the strains on cach square inch of that section, 
also the leverage with which it acts; and its offect in sustaining 
a load at W, in Fig, 166, 

Thus, the equare inch B is strained with 10 tons per square 
inch at its upper edge, and 9 tons at the lower edge; the mean 
is 9-5 tons, which, acting with a leverage of 9°5 inches (namely, 
the distance from its centre of gravity to the neutral axis), will 
exert, in sustaining a load at W, a strain of 9°5 x 9-5 100 

9025 ton, Similarly, D gives 8°5 x 8-5 + 100 225, 
ton: following ont the calculation in this way throughont, the 
sum of the whole series of strains for that half of the section 
subjected to tension will come out 3+325 tons: if the series had 
been infinite the sum of the resistances would have been 
81 tons. 

We might have obtained the same result moro easily by 
multiplying tho whole area 10, by the mean strain 5, and by 
the mean leverage 5, and taking $ of that product; thus 10 x 5 
x 5 x $+ 100 = 3} tons, as before. i 

This strain is due to tension alone, and that due to com- 





Pression being the same we obtain 6% at W. If we would 
convert this case of a cantilever loaded at one end, Fig. 166, 
into an equivalent beam supported at cach end and loaded in 
the centre, Fig. 167, wo have evidently a length of 200 inches, 
a strain of 63 tons on each prop,-and » central load of 
13) tons. 

This modo of calculation may be expressed by general Rules 
which become :— 


(496) Wa (sg pg xd) x0x T+ Ox 45) 


(07) W= (itr x ay xbx C+(L x 46). 


Wxbi x45 


WB) ON a= IWXLKECE(T RY x 


LED BS 


(498) T=- JWxLx VWxLx xi5=(0xi} xb 
Tn which T =the maximum tensile strain, or that at the 
extreme edge of the section, per square 
inch. 
© =the maximum crushing strain, or that at the 
extreme edge of the section, per square 
inch. 
d = the dopth of rectangular beam, in inches, 
b=the breadth  ,, 
L = length of beam, supported at both ends, in 
feet. 
W = weight in contro of beam. 


Of course, T, C, and W must all be taken in the same terms, 

tons, Ibs., &e. 
(500.) Applying rule (496) to tho case of the beam whose 
was investigated analytically in (494), the length 
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being 200 inches, or 16-667 fect, T and © each = 10 tons, 
d = 20 inches, b = 1 inch, we obtain 
eT 
Vv 104710 
as before. 


With a bar 1 inch square and 1 foot long of the same material, 
we obtain 


x 20) x1 x 10 + (16*667x 4-5) = 18-888 tons, 


i5 
W= Caan x 1x 10+ (1 x 4°5) = +555 tom 
breaking weight in the centre. This it should be observed ix 
path of T or 0, for °555 x 18 = 10 tons:—this, however, is 
true only whore the tensile and crushing strengths are equal to 
one another (688), 
(501.) But the Rules in (496), &c., will apply to casca where 
T and C are unequal, which, ax shown by Tublo 79, is the caso 
with most materials. Thus, with cast iron the mean value of 
T =7-142 tona and of C = 48 tons per square inch: then o 
bar 1 inch square and 1 foot long will break transversely with 
A 48 . “1424 “eyes 
leprae 7am * 1)x1x7 142 + (1x 4-5) =+8016 ton, 
or 1795 Ibs. in the centre. The mean transverse strength by 
experiment is 2063 Ibs. (385), hence 2068 + 1795 = 1-15, so 
that the calculation shows an error of -+ 15 per cent. 


(602) The equation — ak: 7h 
part of the section subjected to tension; thus with cast iron 
Vis ScoF __6+557 
Vio4¢0 71a * 6-B5T +9673 
hence the depth of the part subjected to compression must be 
1-0 —+7104 =*2896 inch, and thus we obtain the position 
of tho neutral axis, as in Fig. 168. Similarly, the equation 

rae 
= “7g Xt gives the depth of that part of the section 


x d gives the depth of that 


=*T104 inch; 
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5 F 2-673 
subjected to compression, or in our case rosy eur 7 
“OTS _=-2896 inch, as before” 

Again, with Ash, T= 16576 Ibs, and © = 9023 Ibs per 
Sqtmre inch, and a bar 1 inch square will have as the depth 

A 9028 9 

dhjected to tenaion = 73 _,_%5 _ 
= on = 79028 + 16076’ " 95 + 128-7” * 
Fong = "4247 inch, hence the depth subjected to compression 
must be 1-0 —-4247 = -5753 inch, and we thus obtain the 
position of the neutral axis, as in Fig. 169. 

Of all known materials, glass gives the greatest inequality 
of T and ©, their ratio to one another being 1 to 11-78, as 
shown by col. 3 of Table 79. With I = 2560 lbs., and C = 


30150 Ibs. per square inch, the equation 


VC 
—— > beoo! 
vo+vT 
80150 173-6 178°6 





750150 + B60" 1TS-6 + 00-6" °* BaA-g = "7784 inch, 
which ix the depth anbjected to tension, hence 1-0 ~—-7734 = 
-2266 inch for the depth subjected to crushing, and we thus 
obtain the neutral axis, as in Fig. 170. 

(503) Tho rule (498) for finding ©, is of special valne us 
applied to malleable materials such as Wrought Iron, Stool, 
Gun-metal, and Brass, whose resistance to crushing cannot be 
determined with precision by experimonts conducted in the 
usual manner, namely, by crushing small specimens by direct 
pressure, because the ductile and semi-fluid character of such 
metala enables them to flow or expand laterally under pressure 
to an almost unlimited extent, instead of crushing suddenly 
into fragments as cast iron and similar materials do (183). 

(504.) “ Wrought Iron.”—In applying the Rules (496), &c., 
to such materials we obtain the apparent rather than the real 
tensile and crushing strengths ; ut least this ia true with heavy 
strains approsching the ultimate or breaking loads. It is 
assumed in the analytical investigation in (494) that the exten- 

v 








ageeereyan gery the tensile, and crashing strains are 
simply proportional to the respective extensions and 
sions. This last aasumption is practically correct for light 
strains or even up to half the ultimate weight, with wrought 
fron and steel, but is very far from the trath with heavier 
strains as shown by Table 95: plotting col. 8 in a diagram and 
eliminating the anomalies of experiment by a mean curve we 
obtain for 

“4 wD 6 1 18 19 #2 gf 2 8 Me 


tons per square inch, the approximate extensions in parts of the 
length, cleared as fur as possible from the effect of time (621), 
are 

002 -0035 -0054 +0076 +0102 -O192 -0164 0198 -024 -08 -aGs 

The extensions for lower strains aro given by col. 4 of 
Table 96. 

(505,) Let Fig. 208 be the section of a bar of wrought iron 
below the neutral axis when strained as a beam up to the 
point of rupture, the maximum strain or that at B being say 
24 tons per square inch. Now, if the strains were simply as 
the extensions, we should have the series givon by col. A in 
that figure, proceeding with which as in (495) we obtain 
column X. 

Strain, 3 


i 
i 











1x ix 1x lx 42 = 14°25 
1x 3x 1x 3x 1670= 50°10 
lx 5x 1x 5 x 18-53 92-65 
1x 7x 1x 7 x 19°55 136-85 
lx 9x lx 9 x 21-28 191°52 
1x lx 1x Mx 22°25 24°75 
1x 1x 1 x 18 x 23°00 299-00 
Ixibx 1x 15 x 23-70 = 85560 

1984°62 





Thus taking BC and assuming the area = 1-0, a8 wo require 
proportional numbers only, the mean strain at D becomes 22-5, 
and the leverage = 15, hence we obtain 1 x 15 x 22-5 = 887-5, 
&e., &c., a8 in colamn X. 







But by (504) the extension at B due to 24 tons =-038, 
therefore at E, or half the distance from the neutral axis, we 
obtain -088 +2 = -019, which, by the series of strains and 
corresponding extensions in (504), is due to a strain somewhere 
between 20 and 21 tons: by interpolation we find the exact 
strain to be 20-76 tons, as in the figure. Similarly at F, which 
is }th of the distance of B from the neutral axis, we obtain 
+038 + 4 =-0095, which is between 17 and 18 tons: by inter- 
polation we obtain 17-73 tons, as in the figure. Calculating in 
this way, we have obtained the column N: then taking B, C as 
before, we have 1 x 15 x 23-7 = 355-5, &., ke,, as in col. Z. 

(606.) The result is, that although the maximum strain at B 
is the same in both eases, namely 24 tons, the mean resistance 
by col. Z is greater than in col. X in the ratio 1 to 1884-62 

020 = 1-36 nearly, or 36 per cent. Therefore, if we would 
calculate wrought-iron bars by the rules in (496), &e,, we must 
take a fictitious value for tho maximum strain at B, which would 
become in effect 24 x 1°36 = 92-64 tons per square inch, 
Thus, while the real maximum tensile and crushing strain 
= 24, the apparent strain by the ordinary rules is = 32-64 
tons per square inch: see (133). 

The near approach to equality in the strains throughout the 
section, ax shown by col. N in Fig. 203, is remarkable: thus at 
G, yyth of the distance of B from the neutral axis, the strain 
instead of being 24 16 = 1-5, is 14-25 tons por square inch. 

By (874) it is ehown that a bar of wrought iron 1 inch square 
and 1 foot long between bearings, and loaded as a beam, will 
break down (so far as that point can be definitely fixed) with 
4000 Ibs, or 1-786 ton in the centre. By the rule in (638) this 
is equivalent to 1-786 x 18 = 82-15 tons per square inch 
maximom strain at the top and bottom edges of the section, 
which far surpasses 25°7 tons, the mean tensile strength of 
British bur-iron, as determined by direct experiment and given 
by Table 1. But $2-15 is the apparent, not the real, strength of 
the iron, which by the ratio in (506) is reduced to 32-15 
1-36 = 24 tons, differing 24 25°7 = -934 or 1:0 —-934 
= "066, namely 6-6 per cont. only from the tensile strength by 

direct experiment (520). 
- 2 
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With lower strains, say half tho ultimate strength or 
24 = 12 tons per square inch, the elasticity of wrought 
iron is practically perfect, that is to say, the strains are imply 
proportional to the extensions or to the distances from the 
noutral axis N. A. We should then have the ratios given by 
col. X in (505), which gives 1020 with tho full strain, therefore 
1020 + 2 = 510 with half the ultimate strength, and by col. Z 
1384°62 with the full ultimate strain: hence the ratio becomes 
1884-62 x 510 = 2:72 to 1:0: while, therefore, we double 
the maximum strain (namely 12 to 24 tons), we increase the 
mean apparent strain not to double only or to 2, but to 2-72 or 
to 2-72 x 12 = 82-64 tong, being the same as in (506). 

(507.) * Steel.”"—Applying the rules in (496), de, to steel, we 
obtain results analogous to those we have found for wrought 
iron: for example, a bar 1 inch square and 1 foot long breaks 
down with 6720 Iba, or 3 tons in the centre, as shown in 
(376). By Table 1, the mean tensile strength of  stecl bar 
= 47-8 tons per aquare inch: then the Rule (498) becomes 


o= Ska x26 Ser eee 
{1.—v3x1xfS2GT8x if x1 

square inch apparent crushing strength. What the real erash- 
ing strength may be we have no means of determining exactly, 
because the compression of stool by that strain is not accurately 
known; but by the experiments on stool pillars, the mean 
resistance to crushing seemed to be 52 tons per square inch 
(268). If we admit this to be the real strain, and 61-48 tons 
the apparent strength under transverse strains, wo have the 
ratio 61748 +52 = 1°18, or 18 per cent. difference, being half 
of that obtained for wrought iron under similar strains, 

(508) ‘Tablo 79 gives the results of the rulos in (496), x, 
as applied to many different kinds of materials, compared with 
the transverse strength, &c., a5 found by direct experiment. 
The values of T, C, and W are takon from Tables 1, 31, 82, 66, 
&c.;—the ratios of T to C, as given by col. 3, vary from 1 to 
+84 with Willow, to 1 to 11-78 with Glass, and although there 
aro in col. 6 departures from uniformity, they are not greater 
than might be expected under such extremely variable condi- 
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tions. The sum of all the + errors in col. 6 is 76-95, and of 
the — errors is 70-87, giving an average of (76-95 — 70'87) 
+ 22 = + 0-276 per cent. on the 22 experiments: the greatest 
+ error was + 380 per cent. with Glass, and the greatest — 
error wus — 15 per cent. with Cast Iron. 

(509.) Tt will be interesting and instructive to observe the 
effect on the transverse strength, of variations in the Tensile 
and Crashing strengths :—for instance, if by mixture of metals 
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or otherwise we could double the value of both strains, no doubt 
the transverse strength would be doubled also; but the question 
is, what would be the effect of a given alteration in one of those 
strains only ? 

Tuble 80 has been calculated by the rules in (496), &c., and 
shows the effect of changing the value of T and C from 7 and 
42 tons per square inch respectively (which are nearly the 
mean strengths of ordinary cast iron) to 14 and 7 tons. Thns 
if T could be doubled or increased to 14 tons, while C remained 
at its normal value of 42 tons, the increase in the Transverse 
strength, as shown by col. 5, would be 68°83 per cent. If, on 
the other hand, with ' at its normal value of 7 tons per square 
inch, C is reduced to 7 tons also, the transverse strength would 
be reduced to +4962, or about half its normal value; when, as 
in (500) and (638), the transverse strength is th of T or O; 
for by col. 4, "889 x 18 = 7 tons, &e. A practical example of 
this is given by Stirling's iron in (939), where it is shown that 
the effect of Stirling's process is to increase the tensile strength 
74 per cent., and the crushing strength 80 per cent., the result 
being an increase of 60 per cent. in the transverse strength by 
experiment, and 59 per cent. by calculation with the rules in 
(496), do. 


Tantx 80.—Of the Trawsvense Sraexora of Cagy Inox, &c,, a8 
affected by varying Tensile and Crushing Strength. 
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8x WxlxD 
2x {Dx B)—(# xb} 


(516.) For golid circular sections :— 
_ 81416 x fx BY 
_—— 


few 
~ 83-1416 x BY” 


WwW 


(516.) For hollow circular sections :— 
_ 81416 x f x (BY 14) 
ol Bxl 


f= WxlxRkR 
~ 38-1416 x (BY 4)" 


Ww 





(517,) For solid elliptical sections :-— 
_ 81416 xf x BEX Re 





‘TENSILE AND CRUSHING STRAINS IN BEAMS. 281 


W = the transverse load in the centre of a beam 
supported at both ends in Ibs, tons, &e., in- 
cluding the weight of the beam itself reduced 
to an equivalent central load (785). 

the external andd = the internal depth in inches, 

x b= » breadth =, 

” r= »  Tadius 
= ” radius or yer~ 
tical semi~ 

diameter. 
m= radius or hori- 
zontal semi- 

diameter. 

T= the length or distance betwoen supports, in 

inches, 


Fo BRES 


(519.) We may now give some illustrations of the applica- 
tion of these rules:—Say we have a bar of wrought iron 1 inch 
#quare and 1 foot long, and assuming that the maximum strain 
Ff shall not exceed 12 tons per square inch, which, as shown by 
tho Diagram 215, is about the limit of perfoct clasticity for both 
the tonsile and compressive strains, wo may find the equivalent 
transverse strain W by rule (511), which becomes 12 eae 
or * & “6667 ton, oF 1500 Ibs. in tho contre. 

If the bar had been a round one, then R = 0-5, and -5* 
being +125, Rule (515) t 81416 x ig x 125 = +9997 
ton in the centre. Hence the ratio of the strengths of square 
to round bars is +6667 + -3927 = 1-7 to 1-0, This is pro- 
ably the correct ratio for light strains, and nearly so for all 
strains with materials whose elasticity is nearly perfect, such 
‘as steel and wrought iron, but with cast iron and timber, as 
shown in (961), (362), the ratio with the breaking weights is 
more nearly 1*5 to 1-0. 

(520,) By ool. 6 of Table 66, the working load for a plain 
Dar of wrought iron 1 inch square and 1 foot long = +594 ton in 
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the centre; by Tule (511) f becomes in that can 2504 X13 
eR or “594 x 18 = 10°7 tons per square inch. 


But if we apply the samo rule to extreme strains in wrought 
or cast iron bara, we obtain a fictitious value for /, for reasons 
givon in (504), &c.; for example, Tuble 66 gives 4000 Ibs. or 
1-786 ton for the value of M, for the breaking-down load; 
hence 1-786 x 18 = 82°15 tons per square inch, the 
yulue of /, which being 36 per cent. in excess of the real value, 
as shown in (506), the latter becomes $2°15 + 1-86 = 24 tons 
per square inch. 

It will bo observed that in these cases f= W x 18 simply 
(639), but that rule will apply to those cases only where the 
tensile and compressive strains are equal to one another for 
bars 1 inch square and 1 foot long, &c,, but will not be correct 
for cast iron where those strains are very unequal. For example, 
@ bar of cast iron Linch square and 1 foot long breaks with 
+92 ton in the contro (335); hence f = +92 x 18 = 16+56 tons 
per square inch. But this is neither the true tensile nor crushing 
strength of cast iron, which, as found by direct experiment, is 
7-142 and 43 tons respectively. In applying these rules to 
cast iron, f must be taken at the apparent value of 16°56 tons 
per square inch in calculating the breaking londs (504). 

(521.) The meaning of this fictitious value of / is, that if the 
transverse strength = -92 ton, and the tensile and crushing 
strengths are equal to one another, then the value of both would 
be 16-56 tons per square inch; by Rule (496) we then obtain 


“16-56 : 
ee NCR ae +5645 =* 
G Te Tee * 1) x 1x SAS 92 ton. 

By taking 16-56 tons for the value of f, the rules in (510) 
coincide in their results with those in (323), with -92 for the 
value of My, in rectangular sections, and -92 + 1-7 = -5412 
for circular and elliptical sections. Thus, for the hollow 
rectangular beam, Fig, 75, we found in (347) and by ralo (330) 
the breaking weight = 3-558 tons: by Rule (514) we have 


ia 4 
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we 56 x 2 x {4-04 x 2°21) — (3 29% x 1-46} 
= 8°568 
3x72 x 4-04 





tons also. 

(522.) Fig. 201 gives the section of six elliptical beams 
experimented upon by Mr. BE. Clark; the length was 6 feet, 
the maximum breaking weight = 3-595 tons; the minimum 
= 2-918 tons, and the mean of the whole = 8:207 tons. By 
rule (518) we obtain 


B*1416 x 16-56 x {2+33" «x 1-165) —(1-955" x 79} 





= 12x DBS 
2-738 tons. By Hnle (334) wo have 
(4-06%x 2+83)—(3-91? x 1-68) 
el. 


Wwe x "5412+ 6 = 2-736 
tons, or practically the same as the other; if we take -92 + 1-5 
= +6193 for the value of M,, the ratio 1*5 to 1-0 being, as we 
have shown (361), more correct than 1*7 to 1-0 for the breaking 
weight, W comes out 8-099 tous; experiment gave 3-207 tons, 
hence 3-099 + 3-207 = -9664, giving an error of 1:0 —- 9664 
= +0836 or — 3°36 per cent, 

For some reason the analytical method followed in (848) does 
not give correct results in this case; the area of the section 
= 8-676 square inches, the maximum tensile strain at A = 7-14 
tons per square inch, and the mean at B = 3-57 tons; hence 
(8-76 x 8°57 x 4 x 2°38 + 36) x 2 = 2-265 tons, showing 
an error of — 30 per cont. 

(523.) If wo tako for cast iron tho working or sufo tensile 
strain at 4rd of the breaking weight, f becomes 7:142 + 3 
= 2-381 tons por square inch. Table 92 shows that with 
2-856 tons the extension and compression are precisely equal to 
one another. In that case the neutral axis of a rectangular 
section will be in the centre and the strain at the top and 
bottom, or f will also be equal, namely, 2°355 tons per 
square inch, Under these conditions the rules in (510) are 
quite correct, as wo have shown (617), and by Rule (511) we 


obtain W = 2955 X 2 x Fo, 9.355 = 18 =+1814 ton inthe 


8x 12 





centre only. The breaking losd by experiment =-92 ton, or 
°92 + -1314 = 7 times the working load as thus found, co that 
to mecare the equality of strains on which the rales in (510) are 
based, the transverse load must not exceed }th of the breaking 
weight, the tensile strain being then Jd and the compressive 
strain ,th of their respective breaking weights, 

(524) As the transverse load ix increased, the nontral axis 
moves towards the edge under compression until the breaking 
weight is reached, when it becomes as in Fig. 168. When the 
bar is loaded to jrd of the breaking weight or -3067 ton, it is 
not correst to assume that the tensile and crushing strengths 
are also strained to jrd of their respective ultimate resistances, 
but that, on the contrary, the tensile resistance is much more, 
and the crushing much less than jrd of their ultimate 
valties (356), (617). 

(525.) In calculating tho breaking weights on beams by the 
rules in (510) it is therefore neccesary to take a fictitious value 
for f as we have done for cast iron (620); thus for glass, 
col. 4 of Table 79 gives W = 262 Ibs, therefore f must be 
taken at 262 x 18 = 4716 Tbs, wheres, by cols. 1 and 2, the 
real values of T and C = 2560 and 30,150 lbs. respectively. 
Again, for Ash by the same Table, W = 681 Ibs. by col. 4, 
therefore f must be taken at 681 x 18 = 12260 Iba, the real 
values of T and O being 16,576 and 9023 Ibs. respectively. 


CHAPTER XL 


ON ROO 


0 @ roof itself, sad 2nd, "tho tertical pressure duo to 

. The weight of the materials of the roof is net 

simply erence t the span or area, but increases more 
composed Ist, of the weight of the 

2nd, of the purlins, &e.; and Sid, of the 

slates or other covering. It is shown in (490) that the ratio of 
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the weight of a beam or truss to its safe load rises with the 
dimensions, and that to such an extent that there is with every 
beam « length with which it would break with its own weight 
and could carry no extra load whatever. Then the ratio of the 
weight of the purlins, &o., to the arca rises with the span also, 
‘because it is found expedient to incroase the distance between 
the principals for large roofs; for instance, with roofs, say, 
60 feet span, the pitch of the principals would be from 7 to 
10 feet, but with very largo roofs it might be 80 fect; with 
such a distance the strougth of the cross-beamsa, purlins, &c,, 
must be very great as compared with those for small roofs, 
The weight of the slates, &c., would be constant for all spans, 
and may be taken at 10 Iba. per square foot. 

“ Wind."—Tho horizontal force of the wind in the greatest 
hurricano in this country is 80 Ibs. por square foot, but the 
vertical pressure, with which we havo to deal, is a very un- 
certain one: it bas usually been taken at 40 lbs. per square foot. 

(827.) Say wo tako a roof 60 fest span with trusses 8 fect 
apart, each truas therefore carries 60 x 8 = 480 square fect of 
roof; now the weight of a truss for such a case would be about 
22 owt. or 2464 Ibs., and is equivalent to a pressure of 
2464 + 480 = 5 Ibs. per square foot; the weight of tho 
purlins may be taken at 6 Ibs. and of the slates = 10 Ibs, per 
square foot; then allowing 40 Ibs. for wind, we obtain a total 
pressure of 5 + 5 + 10 + 40 = 60 Lbs. per square foot. 

(528.) Por very large roofs we may take as an example the 
St. Pancras Station roof, where the straining weight of the truss, 
240 feet span, = 35 tons or 78,400 Ibs., the distance between 
the trasses was 30 foot, the aren of roof borne by each trass, 
meagured on plan, becomes 240 x 30 = 7200 square feet, equiva- 
lent to 78,400 + 7200 = 9-2, or say 10 Ibs. por square foot. 

The weight of the covering of slates, purlins, &c., with 
large roofs is very great, for reasons already given; thus at 


New Street, Chari Cannon —_Lime Street, 
Birminghus, et Btreet, Liverpool, Bt Pencres; 


the spans being = 
oun 





respectively, the estimated weight of the coverings, as given 
Mr. W. H. Barlow, was :— 


20 37 37 88 86 The. 


per square foot. The weight of the principals being :— 
25 27 37 Bad 4 tons, 


(529.) In the St. Pancras roof the estimated total pressure, 
exclusive of the strain due to the weight of the truss itself, was 
taken as 70 Ibs. por squaro foot; the truss, as we have scen, 
= 10 Ibs, hence the total = 80 Ibs, per square foot, Ieaving 
84 Ibs. for the vertical pressure of the wind. We thus have, 
truss = 10, covering = 36, wind = 34, and the total = 80 Ibs. 
per square foot. 

For ordinary roofs, say 60 to 70 foot span, we may, for con- 
venience of calculation, take the total pressure at 56 lbs. or 
Sewt, or th ton per square foot, being 5 Ibs. for weight of 
trass, 5 Ibs. for purlins, &c., 10 Ibs, for slates, and $6 Ibs, for 
wind. Largo roofs, however, should in all cases be subjected 
to special calculation. 

(580.) Strains on Roofs.”"—Let Fig. 179 be an outline of a 
truss of the form commonly adopted for wooden roofs of small 
span, in which, for the purposes of calculation, we have taken 
the strain as concentrated at certain points : for example, if the 
weight of that part of tho rafter, purlins, slates, &c., between 
nand p ="10, thon half of that weight or 6 is discharged at n, 
and 5 at p. Similarly the part between m,n gives 5 at m and 
5 at p, &e., &e.: we thus obtain 10 at ench point, exoopt at 
the ends where we have 5 only, which last, being discharged 
direct on the supports, will have no effect in straining the trass. 

In order to analyse the combined effect of these weights, we 
may take them separately. In Fig. 176, the weight A = 10, 
evidently gives 5 at B, and 5 at O: then by the parallologram 
of forces, making a, = 6 by a scale of equal parts, that foree 
is resolved into two forces a,d = 11-18, and a, ¢ = 10, hence 
the strain on the rafter E = 11-18, and that on the tie-rod. 
D = 10 by the samo scale. 

In Jig, 177, a weight of 10 at G gives 7°5 at H, and 2-5 at 
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J, being 14 and 4 respectively of © and B, we therefore obtain 
11-18 x 14 = 16-77 at K; 10x14 = 15 at L; 11-18+2 
= 6-69 at M: and 10+2=5 at P. As N has to bear the 
thrust of M, and at the same angle, the strain on it will be 
5-59 also. Of tho strain on K, 5°59 is evidently due to N, 
leaving 16-77 — 5-59 = 11°18 due to O, which, being at the 
same angle as K, will bear 11-18 also. To find the strain on 
Q wo make ¢, f = 11-18, and drawing A, f horizontal, h, ¢ = 5, 
which is the strain on Q. 

Fig. 178 is a counterpart of Fig. 177, excopt that the load 
being now at R, the several strains are as before, but in reversed 


Now, combining the corresponding strains in Figs. 176, 177, 
178, we obtain the combined effect of the whole in Fig. 179: 
thus, at S we have 11°18 +5°59 45°59 = 22-36: at T, 
11-18 + 16°77 + 5-59 = 33-54, &e., he. 

(581) To facilitate the application of these strains to 
practice, we may easily find what they would bo for a total 
weight = 100, including the weight of the truss and of the 
other parts of the roof plus the vertical pressure of the wind. 
‘Thus, in Fig. 179, the total load = 40, then by proportion, for 
a total load of 100, we should have, as in Fig. 180, 88-54 x 
100+ 40 = S4atT: 22°86 x 100+ 40 = 56 at 8, de, de. 

Calculating in this way, we have obtained the comparative 
strains in all the Figures, 180 to 184 inclusive. The method 
of determining the strains we have followed and illustrated is 
very laborious: Mr. Timmins has published a useful series of 
designs for Tron Roofs, the speciality of which is that the 
strains aro found by Diagrams of an ingenious but rather com- 
plex kind: however, they give with much less labour tho same 
strains as those we have found by analysis. 

(532.) We may now apply Figs. 180 to 184 to practice: say 
we take a roof 30 foct span and 10 feet between principals. The 
area on plan = 30 x 10 = 800 equare feet, and with 56 Ibs, or 
goth ton per square foot, the actual load = 800 + 40 = 7°65 
tons: then the strain on T = 84 x 7:5 + 100 = 6-8 tons: 
at 8 = 56 x 7-5+ 100 = 4-2 tons: at O = 28x 7-5+ 100 
= 21 tons, &e., ke, 





Having thos found the strains on the several members of 
traaa, we have now to determine the proper sizes for the Rafters, — 
Strats, and Tie-rods. 

“ Rafters."—There are two kinds of strain on the principal 
rafter, namely, the compressive strain as given by the figures, 
‘and the transverse strain due to the direct dead weight of the 
purlins, slat c, ‘Tho latter is comparatively small, and the 
ordinary position of the T-iron with flange uppermost being 
that in which a wrought-iron beam of that section is the 
strongest, as shown in (878), we may safely neglect it in most 
cases, and have then only to consider the comprossive 
strain. 

‘The raftor is virtually a pillar, or rather a series of pillars 
end-to-end with a varying series of strains, as, for example, in 
Fig. 184, where the strains are in the ratios 116, 99, 83, and 66: 
but this pillar is otherwise under peculiar conditions, 
supported by the purlins at frequent intervals, and failure by 
horizontal flexure being thus prevented. Then it is not 
to fail by flexure upwards, because flexure in that direction is 
resisted by the transverse load. Lastly, it is not likely to fail 
by flexure downward in a vertical direction, for, as shown in 
(248), tho strongth as a pillar i no less than three times that in 
the other direction. 

We may therefore admit that the Rafter is not likely to fail 
asa pillar in any direction, and we have simply to consider it 
as subjected to a crushing strain, and duly to proportion the 
area thereto. The resistance of wrought iron to ernshing is 
very difficult to determine, as shown in (193), but for pillars we 
found it to be about 19 tons per aquare inch, ultimate strain 
(210). Taking 3 for the “Factor of Safety” (886), we should 
have 6*3 tons safe working load, but in order to avoid the 
remotest probability of failure by flexure, especially with Iarge 
roofs whero the longth i8 necessurily groat, it will be expedient 
to take for roofs: a higher Factor of Safety, say 4, and we then 
obtain 19-4 = 4], or say 5 tons per square inch safe strain. 
‘Tablo 81 has bocn calculated on that basis, and its application 
to practice is shown in (537). 

(538.) “ Struts.”—The strats are simple pillars unsupported 
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throughout the length, differing essontially from the Rafters in 
that respect, Their strength must therefore be calculated by 
the rules for ordinary | pillars (243), Being riveted at the 
ends, they might be regarded as pillars flat at both ends, but 
that condition supposes that the pillar is preased between two 
flat and parallel planes (149), which is more favournble to 
than the actual conditions of wn ordinary strut, It 
will therefore be safer to regurd it as a pillar flat at one end, 
and rounded at the othor, for which the value of M, for rect- 
angular wrought-iron pillars is 150 by Table 34. It is shown 
in (243) that the strength of a long T pillar is practically equal 
‘© that of the top flange alone, forced to fail by flexure in the 
direction of its largest dimension, flexure in the other being 
prevented by the rib. Adopting 3 for the “ Factor of Safety,” 
M, = 50, then the Rule (234) becomes 
(584.) W = 50 x #* x b= 
Tnwhich ¢ = the largest and b = the smallest dimension of the 
vw 
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top flange of the T iron: L = do ing 
Ta Wo the safe load fe Toa, 

‘Thus for a wrought T iron strut say 3 x 8 x ¢ we have 
calculate simply for a rectangular pillar in which ¢ = 3, 
b= inch. By col. 8 of Table 35, 3°* = 17-4, and we obtain 
for a length L = 6 foot, W = 50 x 17-4 x $+ 36 = 9°06 
tons = the safe resistance to flexure. This result requires cor- 
rection for incipient crushing by tho rules in (163): admitting 
that the ultimate resistance of wrought-iron pillars to crushing 
= 19 tons per square inch (201), and with “ Factor” 3, we 
obtain 19+ 3 = 6+8 tons per sqnare inch: the area of the 
whole cross-section in our case = 2-11 square inches: hence 
0, = 2°11 x 6-3 = 18-3, and $0, = 9°97 tons. Then Rule 
(164) givos 9-06 x 13-8 + (9+06 + 9°97) = 6-83 tons, the 
reduced and correct safe load on the strat, Table 82 has been 
calculated in this way throughout, and the spplication to 
practice is illustrated in (537), The necessity of the correction 
for incipient crushing is clearly shown by the Table, for 
instance, the T iron we have just considered, with a length of 
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3 fect, gives 36-2 tons, the resistance to flexure, but when 
reduced for incipient crushing we have 10-43 tons only, On 
the other hand, very long pillars of the same section require 
no such correction; thus, with lengths of 10 and 12 feet, the 
resistance is that due to flexure simply, as shown by the 
Table. 

(535.) * Tie-rods."—The mean Tensile strength of Wrought 
iron = 25:7 tons per square inch, by Table 1; but for welded 
bars = 21 tons only; taking the latter and “Factor” 3, we 
obtain 21 +3 = 7 tona per square inch safe load, and Tuble 83 
gives the strength of round bars on that basis, The areas aro 
given also, so as to enable rectangular bars to be substituted for 
round ones if preferred: it should be observed that when tie~ 
rods are screwed at the ends, or where they are punched for 
keys, they should be bulked up to compensate for the area lost 
by the key-way, &c. 


(536.) “Strength of Keys, Rivets, dc.°—The keys and rivets 
by which the junctions are effected are subjected to a shearing 
strain (123), namely, single-shear when supported on one side 
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Tavue 88.—For Roors: Sare Texstix Sreaxs on Rooxp Bars: 
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only ; and double-shear when supported on both sides. Tt ix 
shown in (128) that the tonsilé and shearing strains are equal 
to one another; therefore Table 83 may be used for rivets and 
koys, ns well as for tie-rods; for instance, a {-inch rivet 
gives 2°15 tons for single, and 4:3 tons for double 
shear, &e. 

(587.) “ Practical Application.” —We may now illustrate the 
application of the Figures and Tables to practice: say we have 
a truss like Fig. 184, 60 feet. span, with 12 feet between each 
truss; then the area of roof on plan = 60 x 12°= 720 square 
foot and the total load boing 56 Ibs., or 3; ton per square foot, 

), we have 720 40 = 18 tons on the truss, Then 

r D wo have 116 x 18-100 = 20-5 tons, req 

by Table 81 a T iron 4} x 4} x 4: for 0,99 x 18 +100 = 
18°8 tons, or 4 x 4 x }: for B, 83 x 18100 = 16 tons, or 
3} x 8} x }: and for A, 66 x 18+ 100 = 11-9 tons, or say 
3x 8x yy. In practice, however, the rafter would usually 
be in one piece from end to end, and in that case the maximam 
sizes, or those for D, would be used throughout. 

Then, for the struts; the strain on G = 23 x 18+ 100 = 
4°14 tons, and the Tength being in our case about 12 foot, we 
require by Table 82 a T iron say 8} x 3} x g. To show how 
serious an error would ensue if we had disrogarded the length, 
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and provided for the crashing strain simply, Table 81 would 
have given for d- 14 tons a T iron 1} x 14 x yy. But Table 82 
shows that the safe strain on a bar nearly of those sizes, and 
12 feet long, would be 0°25 ton only, or less than y/gth of 
4°14 tons, the actual strain. 

(538.) It has been sometimes proposed to substitute for 
T iron strats two flat bars of equal area, but in the case of long 
struts this is a most unsafe proceeding ; for example, by exact 
calculation the angle-iron we have proposed for G, namely 
3} x 8E x § gives by Rule (534), W = 50 x 3y** x $+ 144 
= 4-05 tons, which is near enough to 4-14 tons, the actual 
strain, for our purpose. But a flat bar left to itself would of 
course fail by bending in the direction of its least dimension 
(177): hence ¢ = j, and 6 = 3}, and the 2-6 power of 3, being 
“0781 by Tuble 35, the same rule gives W = 50 x -0781 x 
8}—+ 144 = 0-1017 ton for one bar, or 0-2034 ton for a pair 
having the same areca as the T iron, but ,'jth! only of the 
strength as a pillar. 

‘To resume: for tho strut F we obtain 19 x 18+ 100 = 3-42 
tons, and the length being about 10 fect, wo require a T iron 
say 3x 8 x 9: for E we have 16 x 18+ 100 = 2-88 tons, and 
the length being about 8 feet, we require a T iron, say 
2) x 2) x y- 

Then for the tie-rods: the strain on L = 105 x 18 + 100 
= 18-9 tons, or 1% inch dinmeter by Table 83: for M, 
89 x 18 +100 = 16 tons, or 1} inch; for N, 74 x 18 +100 
= 18-3 tons, or 1§ inch: for K, 46 x 18+ 100 = 8-28 tons, 
or 1} inch: for J, 12-5 x 18+ 100 = 2°25 tons, or }} inch: 
and for H, 6-5 x 18+ 100 = 1°17 ton, or } inch diameter, &o. 

Any of the different forms of truss shown by Figs. 180 to 
184 may be used in the manner we have illustrated: it will be 
found that in order to obtain convenient sections for rafters and 
strute, Fig. 181 should be restricted to say 30 to 40 fect span: 
Fig. 182 from 40 to 50 foot: Fig, 183 from 50 to 60 fect: and 
Fig. 184 from 60 to 70 feet, &c. 

(639.) “ Cursed Roofs."—For large spans, such as Railway 
Stations, &e., Curved Roofs are now very extensively used: 
Fig. 185 gives an outline of such a roof with tho strains 
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throughout as due to a total weight = 100, or 50 on 
support, in order to assimilate the case to the other examples 
we have given, and to facilitate calculation of such roofs for 
‘various 

Say we have a Roof 80 feet span, with 16 feet between the 
principals: then measured on plan, we have 80 x 16 = 1280 
square fect on each principal: taking the load at 56 Ibs. or 
gy ton per square foot as in (529), we have 1280+ 40 = $2 
tons total load. 

The maximum compressive strain on the main rafter or upper 
ribs A, B,C, will then be 187 x 82+ 100 = 43-8 tons, for 
which Table 81 gives a T section 7 x 7 x }} inches, and in 
most cases that same section would be used throughout, although 
the strains on D, E are somewhat less. 


‘Tors. 

Then for F, we have S2 x 187 +100 = 43: S rain 3 “Table 83. 
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The struts M, O,Q, are pillars of the approximate lengths, in 
our case, of 8, pian 5 6 Seek reepetiray then 

M=295+100=8,- requiring Tiron4 x4 x iol ee 

O=82x18+100=5°76 = BEx 3px 

Q=mRxi8+10=416 = brett = 

(540.) * Wooden Rooft”—Iron is now used almost exclusively 
for large and important Roofs; but for ordinary purposes wood 
is still extensively employed, and is likely to be so for reasons 
of convenience and economy. The form of truss 
used for small spans, say up to 30 feet, is shown by Fig. 179, 
another convenient form is shown by Fig. 181. ‘The strains 
may be found by the methods already explained and illustrated 
with Iron roofs. The proportions of the different parts and the 
details of construction, are essentially practical questions, which 
are fully considered in most of the works on Carpentry, such as 
that of Tredgold and others. 
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CHAPTER XIV. 
ON THE TORSIONAL STRAIN. 


(541) It will be expedient to consider the Torsional strain 
under two different heads, namely “Torsional Strength,” and 
“Torsional Elasticity.” It is the more necessary to follow that 
course because the laws governing the Strength, differ entirely 
from those dominating the Stiffness. We shall deal with the 
Torsional Strength in this chapter and with the Torsional 
Elasticity in Chapter XVIL 

“Torsional Strength."—The fundamental laws for Torsional 
Strength may be expressed by the Rules — 

For Circular sections, 

(542.) Wx L=Qx RB x 3-1416 +2; 

(543.) or, W x L=Q x R* x 1°5708. 

For Square sections, 

(544) WxL=Qx8x /3+6; 

(545.) or, Wx L=Qx Sx “2857. 

For Rectangular sections, 

(546) WxL=Qx@x ¥+(Vd x PX 39). 


In which R = radius of circular sections in inches: S = side 
of square in inches: d and b, depth and breadth of Rectangular 
sections in inches: L = tho leverage in inches with which the 
twisting weight W acts: W = weight, say in Iba: Q = constant 
Multiplier, which has the same value for all the three forms of 
section, and is found from Experiment by the Rules:— 

Cireular sections, 

Wxbx2, 
x) Q= orale x BY 


wxih 


Rene) oQ= 75708 xB 
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Square sections, 
(549.) 


(850:) 


Rectangular sections, 
Wxbx8xvter 
(551.) qa Txt enete. 


(552.) “Ratio of Round to Square.’—The Ratio of the Tor- 
sional Strength of round and square sections may be found by 
Rules (543) and (545), for while round bars = 1-5708 x B 
square ones = *2857 x S%. Say we take I-inch bara, then 
R =}, and }*= } or -128, heneo the ratio of strangth will be 
(:2857 x 1) + (1-5708 x +125) = 1-20 to 1-0, showing that 
square bars are 20 per cent. stronger than round ones. 

But, when we calculate the values of Q for round and square 
bars from experiment, as in col. 4 of Table 84, we find that 
the latter are 34 per cont. greater than the former; thus 
35907 + 26800 = 1-24. So great a difference shows that there 
is some error in the Rules, althongh they are based on laws 
given by the highest authorities: admitting the experiments to 
be correct, the Rules require modification, and become:— 

For Square sections, 

(553.) Wx L=Qx 8" x “3158, 

Wx 

gee) O= ex 

Calculating Q by Rule (554) we obtain col. 5 of Table 84: 
tho meat 800, or nearly the same as for the round bars 
which gave by Rule (543), 26,709, From this it appears that 
the experimental ratio of the strength of ‘square and round bars 
is 1-6 to 1-0, the theoretical ratio being 1-2 to 1-0, 

(655.) “ Practical Rules." —Th theoretical rules are incon- 
venient, although they are fundamental, giving the laws 
governing the ‘Torsional Strength, and have the advantage of a 
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value for Q, which is, or should be, constant for all sections. 
The following Practical Rules are based on the theoretical ones, 
corrected by experiment (552) :— 
For Circular Sections, 
, (556) W=Mx D+. 

(557.) D=/WxL=M,. 

(858.) M.= Wx b+D. 


For Square Sections, 
(559.) W=M.xS x 1-6+L. 
(560.) S= YW x L+(M x 1-6). 
(561) M, = W x L+ (8' x 1°6). 
For Rectangular Sections, 
(662.) W=M, x d* xb x 2-264+(/d? +B x L). 


(563) Me=WxLx JP +O +(@ x Fx 2-264), 


Tn which M; = a constant, having the samo value for all the 
sections: D = diameter: 8 = side of square: d = depth, and 
b= breadth of rectangular sections: L = leverage, all in 
inches: W = weight in Ibs. acting with the length of 
lever, L. 

(564.) The yaluos of Mr in col. 6 of Table 84 have been 
calculated by Rules (558) and (561): thus, the bar 4 inches 
diameter by Rule (558) gives M; = 1988 x 170 + 64 = 6148. 
Again, the bar 1 inch square, which broke with 231 Iba. and 
86 inches leverage, gives by Rule (561), Me = 281 x 36+ 
(x 1-6) = 5197, &e. Tho mean for 9 bars varying from 
2 inches to 4} inches diameter = 5290: and the mean for 
6 square bars = 5290 also, which may thorefore be taken as the 
mean value of M, for cast iron. 

The experimental ratio of aquare to round bars, namely, 1-f 
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to 1:0, has been adopted in Hoes Rules, it 
Theoretical Ratio 1*2 to 1:0 

(565.) “ Rectangular Sections. The Rules for Rectangular 
Sections may be used for square ones, which of course are 
rectangular with equal sides: say we take a 38-inch square bar 
with 60 inch leverago: then taking M; = 5290, Rule (559) 
gives W = 5290 x 3° x 1:6 60 = 8809 Ibs.: taking it os a 
rectangular bar, Rule (562) becomes W = 5290 x 8 x 8° x 
2-264 + (4/8 3" x 60) = 8809 Ibs, also. 

When the two dimensions of a bar, rectangular in section, are 
very unequal, or the breadth very great in proportion to the 





TORSIONAL STRAIN: HOLLOW SKOTIONS, 299 


thickness, the torsional strength is practically as the breadth 
simply, the thickness being constant. Thus, for cast iron, with 
L = 10, and a thickness of 1 inch and breadths 

1 2 4 8 16 inches, 


the torsional strength, or W, becomes by Rule (562) = 
S47 2142 4648 9508 19,127 The. 


It will be observed that, while the bieadths are in the ratio of 
2 to 1 throughout, the strongth for the greater brendths follow 
nearly the same ratio. 

(566.) “ Hollow Sections.” —We have seen by Rules (556) and 
(559) that with square and round bars the torsional strength 
is directly proportional to D* or 8’, so that for diameters in the 
ratio -— 

1 2 8 4 5 
the Torsional strength would be in the ratio:— 


1 8 27 cr 125 
By the laws of Torsional elasticity (716) the Stiffness with 
constant strain is inversely proportional to D' or 8', hence in our 
case D* being in the Ratio :— 

1 16 al 


the stiffness with constant strain will be in the inverse ratio, 
or:— 


1 vs vc as 


But when the strain is proportional to the strength, the Ratio of 
the torsional angles become :— 


1 Bx te WX OX abe 125 X abe 
or 1 + + t t 
which is in inverse proportion to the arithmetical ratio of the 
diameters simply. 
(567.) “ Old Bule."—The old rule commonly used by prac- 
tical men is W = D* — d’, D being the external, and d = the 





internal diameter of a hollow shaft, which ix regarded as com- 
posed of two shafts having tho respective diamoters, and it is 
assumed that, deducting the strength of one from that of the 
other, we should obtain the strength of the annulus. But a 
shaft will not yield the full strength due to it, except it be 
allowed to twist proportionately to its diameter. Say wo take a 
section 2 inches diameter externully and 1 inch internally ; then 
by the old rule the strength will be 2* — 7: but we have 
seen by the preceding investigation that the diameters, being 
2 and 1, the twist should be } to 1, that ia to say, the internal 
soction should twist twice as much as the external ono, which 
of course is impossible in our case, for obviously both must be 
twisted to the same extent, As tho internal section is allowed 
to twist to half only of the extent due to its full strength, it 
will yield half only of that strength; hence we obtain 2 — 
(1" x 4) = 7-5 for the hollow section, instead of 2° — 1° = 7, 
as by tho old Rule, 

(568.) Hence the rule for hollow circular sections beeomes 
W =(D' — d')+D, or in our caso (2'—1')+2=7-5, a8 
before. Taking another case of « hollow shaft with diameters 
4 and hen by the old rule we should have 4* — 3 = 87: 
but by the preceding analysis, the ultimate twist for diameters 
in the ratio $ and 4 = } and } respectively ; henco, instead of 
the internal diameter yielding 3° = 27, it would give 27 % } 
+4, or 27 x 8+ 4 = 20°25 only, and the strength of the 
hollow shaft becomes 4° — 20°25, or 64 — 20°25 = 48-75, 
instead of 87. The rule (D'—d')+-D gives in our case 
(4 — 3')+4 = 48-75, as before. Theso principles apply to 
the transverse strain also (337), 

We have therefore for hollow shafts the rules: — 
(569.) For Circular Sections, 


D-a 






















W=Mx D +L. 
(570.) For Squaro Sections, 
WeMx SS" x1621, 
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Tn which D = the external, and d = the internal diameter in 
inches: 8 = the external, and ¢ = the internal dimonsions of 
aquare sections in inches: W = the straining woight in Ibs. 
acting with a leverage of L, in inches: M; = a constant whose 
value is given by col. 6 of Table 84, and by (564). 

To illustrate the application of these rules: say we have a 
hollow cast-iron shaft in which D=6 inches, d = 4 inches, 


I =84 inches: then Rulo (569) becomes W = 5290 x © = = 


+84 = 10900 Ibs, breaking weight. Again, with a hollow 
square shaft in which 8 = 5 inches, s = 34 inches, and L = 96 
inches: then by Table 85, 5‘ = 625, and 3)‘ = 150, with 


which Rale (570) gives W = 5290 x edt x 16-296 
= 8876 Ibs. 


Tanre 86.—Of the Fourra Powen of Nomsers. 








Soe woens Poses Sates 


$22 SHES SSheo geuce 





















































(571) “ Wrought Tron and Steel.”—According to W. and D. 
Rankine’s experiments, the torsional strengths of Cast iron, 








Wrought iron, and Steel are in the ratio 1, 2, 8, and these, it 
will be observed, are nearly the Ratios of the Transverse 

8 of the same materials, The values of M; are therefore 
5290, 10,580, and 15,870 Ibs. respectively. 

It follows from this that for large shafts (575) of equal 
torsional strength in cast iron, wrought iron, and steel, the 
diameters must be in the ratios 1:0, +7987, and -6934 re- 
spectively, or, in round pumbers, a 10-inch cast iron, 8-inch 
wronght iron, and 7-inch steel shaft would all havo the sme 
torsional strength, irrospective of stiffness, ‘The specific 
strengths being in the ratio 1, 2, 3, we then have for cast iron 
10° x 1 = 1000: wrought iron, 8 x 2 = 1024: and Steel 
=T x 8 = 1029, &c,, which aro practically equal. 

($72.) “ Shafting.”—The determination of the proper sizes of 
shafting for driving machinery is pre-eminently a practical 
quostion requiring special Rules : instead of straining woights 
in Ibs, acting with certain leverages in inches as in ordi 
rules for Torsional Strain, we shall have to deal with Horse- 
power and Revolutions per minute, 

Theoretically, the Horse-power commonly accepted as a 
Standard is 33,000 foot-pounds, or 38,000 Ibs, raised 1 foot high 
per minute ; thus, say we have a shaft with a winding dram at 
the end of it raising » ton or 2240 Ibs. with o yolocity of 
206 feet per minute, which will be equal to 2240 x 206 + 33000 
= 14 Horse-power. The question thus appears to be a very 
simple one, but in practice there are unavoidable complications 
due to the friction of the machinery and other conditions, by 
which the whole subject is very much mystified. For example, 
say that instead of a simple shaft as we have supposed, the 
necessities of the case were such that a train of wheels, shafts, 
&c., intervened between the Engine and the winding dram, such 
that ita friction added say 7 Horse-power to tho strain on the 
Engine: then we should require 14 + 7 = 21 Horse-power to 
do 14-Horse useful work. Let us further suppose that the 
power exerted by the Engine in overcoming its own friction 
and other sources of loss within itself is equal to 7 Horse- 
power: thon the total gross power exerted by tho piston ig 
14+7+7 = 28-Horse, We have thus obtained three dif- 
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ferent Horse-powers, 28, 21, and 14 respectively, and the 
question now is, which of these should be taken as a basis in 
calculating the strength of the shaft; but we may observe 
that it is unimportant which is taken, if only the value of 
the Multiplier is properly adapted to the conditions assumed. 

(573.) Engineers usually rate the power of an Engine by the 
useful work done by it: in our case it would be 14-Horse 
Reputed or Nominal Power. To give more precision to the 
matter, say that the Engine was a common High-pressure one, 
cylinder 12 inches diameter, velocity of piston 220 feet per 
minute, pressure of steam in Boiler 45 Ibs., reduced to 40 Ibs, 
in the cylinder at the commencement of the stroke, cut off by 
lap of slide at 77, of the stroke, and thereby farther reduced by 
expansion to a mean pressure of 37 Ibs. throughout the stroke : 
these conditions prevailing when all the work was being done, 
and an “ Indicator” diagram showing 37 Ibs. mean pressure as 
calculated sbove. We then obtain for a 12-inch cylinder 
= 118 square inches area, 118 x 37 x 220 + 33000 = 28 gross 
indicated Horse-power: with the Engine and Gearing alone, 
‘no useful work being done, the mean pressure = 18} Tha, and 
we obtain 113 x 18} x 220+ 38000 = 14-Horse: with the 
Engine alone the mean pressure = 91 Ibs. = 113 x 9} x 220 
+} 33000 = 7-Horse. 

Hence we have 28 gross indicated Horse-power: 28 — 
7 =21 Net indicated Horse-power, and 21 —7 = 14-Horse 
Nominal Power. 

(574.) The nominal Horse-Power is the Standard commonly 
adopted by Practical mon: in the vast majority of cases it is the 
only one known, for the “ Net Indicated” power can only be 
found by experiment: in all cases it must be in excess of the 
Nominal in order to cover the friction of the machinery by 
which the work is done, 50 per cent., a8 in our illustration, 
is a fair addition in ordinary cases. Thus, the Ratio of the 
Nominal, Net Indicated, and Gross indicated Horse-power is 1, 
1}, and 2; admitting these Ratios, the value of the Multiplier 
may be easily adapted to cithor at pleasure. 

(575.) It has been found by experience that the power which 
4 large shaft will carry satisfactorily depends on its absolute 





wroaght-irun shafts of large diameter (or those sbove 
4} incbes) Be Bake — 
(ve) H=#x B+. 
@i7T) @= JH x 19+ 
Ber wand sheis (or heey enley: df Sobel 


H=#xB+740. 
é= (i x 740=R) 


per mincte: and H = Nomimal Horsepower. It will be found 
that these two sets of Rules coinebde in their results when the 
Giamoter = 4} inches: for example, with siy R= 100, rale 
(B76) gives H=4P x 100 = 160 = 61-82 

and Rule (578) becomes H = 43* x 100 + 740 = 61-83 Horse, 
power also, 

(3S0.) The fact that strength and stiffness follow different 
laws necessitates the use of two sets of Rules for shafts; with 
diameters above 4] inches, shafts whose absolute torsional 
strength is sufficient to carry the power will be stiff enough to 
do ordinary work properly; but below that size, in onder to 


twisting asunder, bat may be so clastic because of its great 
length as to be wholly unfit to drive any machinery in which 
steadiness of motion is esential. On the other hand, a shaft 
may be stiif enough to do its work because of its extreme short 
ness, bat its strength may not be sufficient to resist the twisting 
strain. 

(581.) The Torsional strength and stiffness of cast iron are 
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only about half thoss of wrought iron (571), (720), but for 
shafts we shall adopt the Jower ratio 9 to 14, The maximum 
strain on the crank shaft of a single steam Engine is 1-57 
times the mean strain, but for a pair of Engines coupled by 
cranks at a right angle, or 90°, it is 1-11, the mean strain being 
1-0, &. Combining all these results, we have in Table 86 a 
series of Multipliers for the “ Nominal,” “Net Indicated,” and 
“Gross Indicated” Horse-power of ordinary and crank shafts for 
largo and small sixes, largo shafts being above and small ones 
below 4% inches diameter, 


'Tanue 86,—Of the Vauves of My and Mg for Snarts. 


Horee-Power, 
Slo of Work. 


Ma | ML 





Ondinary Wrought. -iron Sbatts | 740 | 160 
Cust-iron Shafts .. | 150 | 255 

Wrotight-iron Crank-shatts:}) 416 

Single Engine .. -- 

Cast - iron Crank - Shatts : us 

Single Engine... =» 

Wronght-iron Grink-shat oy | aves 

Pair of Engines. .« 

‘Cast - iron ‘Cronk - eet 1272 


Pair of Engines. 282 


a | ® 
Nore —Shatts uealer 4} Incbes—Simall : above 4} tnches—Largr, 

We then have for diameters above 4% inches the Rules :— 

(582.) H=d@xR+M, 

(683,) d=¥ (Hx M+R). 

For small shafts, or thoso less than 42 inches diameter, tho 
Rules become -— 

(584) H=dxR=M, 

(585.) d= (ix M+R). 
Tn which M, and M, have the values given by Table 86; 

x 








HH = the Horse-power, which may be Nominal, Net cated, 
or Gross Indicated at discretion: R = revolutions per minute, 
and d = diameter in inches, &o. 

(586.) We may now gre exanples of the application of these 
Roles: thus for a 4-inch ordinary wrought-iron shaft, R being 
say 120, &c.; the diameter being loss than 4§ inches, taking 
M, from col. 1 of Table 86 at 40, Rule (584) gives H = 
4* x 120 + 740 = 41-5 Nominal Horse-power; or taking 
Mg from col, 3 at 493, we obtain H = 4* x 120 > 493 = 62-3 
Net Indicated Horse-power. As a single engine crank-shaft 
M, = 1160, hence H = 4' x 120 + 1160 = 26-5 Nominal 
Horse-power; or 4* x 120 + 778 = 39-74 Not Indicated 
power, ce, 

Again, aay we require the diameter for an ordinary cast-iron 
shaft for a Nominal 50-Horso Engine, R = 40: we know 
beforehand that the diameter will be above 4% inches: then 
with M, from col. 2 of Table 86 = 255, Rule (583) becomes 
(50 x 255 +40) g/ = 64, or say 7 inches diametor. For a single 
Engine crank-shaft under the same conditions M, = 400, and 
we obtain (50 x 400 + 40)3/ = 7}f, say 8 inches diameter. 
But for a pair of Engines of equivalent power (25-Horse cach) 
M, = 282, hence (50 x 282 + 40)¥ = 7} inches diameter in 
cast iron, de. 

(587.) “Marine Engine Shafts.” —The Gross Indicated Horse- 
power is usually the only reliable index of the power of Marine 
Steam-Engines, being easily obtained by the “Indicator”: the 
ratio which this usually bears to the reputed or Nominal power 
of the makers is much greater than 2 to 1, which is an ordinary 
ratio with Land Engines. The ratio with 12 Engines of the 
largest class from 1850 to 400 Nominal and 6867 to 1400 Gross 
Indicated Horse-power was found to vary from 6-86 to 8-5, 
the mean being 4°35 to1:0. This shows that the Nominal 
power of Marine engines is utterly unreliable as a basis for 
calculating the diameter of propeller shafts, and that the Gross 
Indicatod power should always be taken. ‘Table 87 gives a fow 
casos of shafts in practice compared with the sizes calculated 
by our rule (582). ol. 8 shows that there are ext 
differences in the practice of even our leading Engincers, some 


4 
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| Diam, ta Inches. 
| ate Dif. 


etal, per 
| 9) cout 





Agincourt beaten 5-1 | 53 | 28 jaa +a | Mandslay | 95- 
Warrior .. |1250/5470, 4-45 fia —47| Penn | 47-6 
Sernpis -. | 700/4100| 5-86 58 | 18°6 —36 | Humphroys| 55° i 
Pera .. | 400/1400/ 8-5 58 | 11p 23] Rennie E 
Simoom .. | 400/1400, 395 | G2 1B} 12°71 + 17 Watt & Oo. 106 
a) | @ @1@/)o!]@) © 


making their propeller shafts about 2} times the strength of 
others: thus 106 + 47°6 = 2-227, From this it would appear 
that there is no Standard Rule, but that each makor follows 
some rule of his own. In col. 6 we have the calculated sizes 
by our rule, which for the sake of distinctness wo may repeat in 
more definite form >— 


(588,) H,=@ x R+91. 
(589.) d= ¥(H, x 91 +R). 
(590) M.=@ xR+H, 


In which H, = the Gross Indicated Horse-power; d = 
diameter in inches; R = revolutions per minute, and M, = a 
constant obtained from a case in practice, which is taken at 91 
in the rules and us given by col. 6 of Table 86: col. 8 gives 
the value for cach shaft, thus enabling the engincer to select as 
a basis the one whose strength commends itself to his judgment. 
Our Rale (589) gives sizes approximating to the strongest 
shafts in Table 87, and may be considered perfectly snfe, 
(591) There is no important part of Marine Engines which 
fails so frequently as the propeller shaft: casualties from this 
cause are constantly occurring, in most cases imperilling the 
safety of the vessel and the lives of tho passengers. In some 
eases the results have becn most disastrous, as with the 
Australian, where the shaft not only failed, but also damaged 
the yeasel so much that she foundered in mid-ocean. These 
x2 





numerous failures seem to show that propeller shafts are fre- 
quently made too weak for their work, which is greatly to be 
deplored considering the magnitude of the interests involved. 

(592.) * Crane Shafts."—The strains on a serica of crane 
shafts being well known, it might be supposed that the 
diameters might be calculated throughout by the Rule (557), 
in which the strength is made proportional to the eube of the 
diameter. But by following that course, the amall shafts come 
out much too emall to satisfy practical judgment, and it would 
appear that the case is governed by stiffness rather than by 
absolute strength, and that the strains should be in proportion 
to @ instead of a. 

The short neck of the barrel-shaft, however, may be sized by 
Rulo (657): then taking that diameter as a basis, the strains 
thronghont the series should be as a 

(598.) Let Fig. 171 be the outline of the gearing of a large 
crane to raise 10 tons with a single chain by four men: or 
20 tons ifs running pulley be used. The strain being 10 tons 
or 22,400 Ibs, on the chain, becomes at c or at the piteh 
line of the wheel _H = 22,400 x 15 + 45 = 7467 Iba; at 6, 
TAGT x 7°5 + 27=2080 Ibs, ; at a, 2080 x 4°5 + 18=520 The; 
and at the handles 520 x 3-16 = 97} Ibs., or say 25 Ibs. cach 
man. 

We can now determine the diameters of the shafts: the 
torsional strain on D is 22,400 Ibs, but taking the “ Factor of 
Safety” at 10 we have 224,000 Ibs, breaking weight: the acting 
radius of the barrel measured at the centre of the chain boing 
15 inchos, and the value of My for wrought iron = 10,580 by 
(571), Rule (557) becomes d = (224,000 x 15 + 10,580) 4 = 63, 
or say 7 inches diameter at the neck of the barrel-shaft D. 

Haying thus found D, we have to find E, F, G: now 7'=2401 
by Tuble 85; then for E we obtain 2401 x 15+ 90 = 400 
or say 4} inches diameter by the same Table: F becomes 

6, or say 27 inches: and lastly the hand- 
36 = 11:1, or say 1} inch diameter, 

(594.) * Wheels."—Having thus found the sizes of the shafts, 
we may complete the illustration by caloulating the piteh and 
breadth of the gearing. It is shown in the Author's Treatise 
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on * Mill-Gearing’ that the absolute strength of a wheel-tooth 
for dead load will be given by the Rule :— 


(595.) W=px w x 350, 


Tn which W =the safe load on the tooth in Ibs; p = the 
pitch, and w = the width on the face, in inches, If we assume 
for the wheel and pinion H, J, say p = 23 inches, and » = 
7¥ inches, wo obtain W = 2} x Tj x 350 = 7460 Ibs. at ¢, or 
very nearly the actual strain at that point which we found (593) 
to be 7467 Iba. 

If we applied the same method of calculation to KL and 
MN, it would be found that the pitch and width would come 
out excessively light, and that it is necessary to use a modifica- 
tion of the Rule for wheels in motion in (944), which becomes :— 


(696.) P=VDXRXx px we. 


In which D = diameter, say in feet; p= pitch, and w= 
width, in inches; R = revolutions in any given time; P = the 
power of the wheel, which in this case is a proportional number 
only, and must be of equal valuc for all the wheels, for ob- 
viously, however the sizes and revolutions may vary, the 
mechanical power exerted, or work done must be the same 
throughout the series. 

(597.) Now, admitting that the sizes found in (595) for the 
whool H are correct, namely 7} foct diameter, 2} inches pitch, 
Tj inches wide, and assuming for the purposes of calenlation 
1 revolution per minute, Rule (596) gives P= J7-5 x1 x 
of" x 7] = 160. Then if H = 1 revolution, K = 6, and M = 
86 revolutions as in Fig. 171. 

Assuming for K, 2} inches pitch, 6} inches width, Rule (596) 
gives P = 4/4°5 x 6 x 2}* x 6} = 164, which is near enough 
to 160 as found for H. Again, assuming for M, 1} inch piteh, 
4} inches wide, we obtain P = /3 x 36 x 13* x 4} = 164: 
we have thus obtained the sizes for all the wheols in the train, 
giving practically equal strength throughout. 

‘Po show the necessity for the method of calculation we have 
adopted, say we apply Rule (595) by which the proportions of 
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A were obtained, to the wheel and pinion M, N, where the 
strain at the pitch line = 620 Ibs.: thon 1 inch piteb, 1) inch 
wido, gives W = 1 x 1} x 850 = 525 Ibs. as required, but of 
course those sizes are obviously, and indeed absurdly too light, 
when contrasted with 17 pitch, 4} wide. : 

(598.) *10-ton Crane Gearing."—To vary the illustration, 
let Fig. 172 be the outline of the gearing for a crane to raise 
5 tons with a single chain, or 10 tons with an ordinary running 
pulley, by 4 men. The strain on the chain, or 11,200 Tbs, 
becomes 11,200 x 9 + 80 = 3360 Ibs. ata; 3360 x 421 = 
640 Ibs. at b; and 640 x 25+ 16 = 100 Iba. at the handles, 
giving 25 Ibs, to each man, 

With 10 for the “ Factor of Safety” we have 119,000 Ibs. 
breaking weight at the circumference of the barrel, and by 
Rule (557) we obtain d = (112,000 x 9 + 10,580) Y = 44 inches 
diameter at the neck of the barrel-shaft D. Then following 
the same course as in (593) we have 4}*= 410 for D; EB 
becomes 410 x 8 + 60 = 54:7, say 2} inches; and F = 
54-7 x 6-+42=6°6, say 14 inch diameter, all by Table 85. 

For the wheels, we will assume for 8, 2 inches pitch, 
4] inchos wide, for which Rule (595) or W =p x w x 350, 
becomes 2 x 43 x 350 = 3325 Ibs., or very nearly 3360 Ibs. the 
actual strain. Then the Rule (596), or P= Dx R xP xe, 
becomes for this same wheel, P= ¥5 x 1 x 2* x 4} = 42-5, 
Assuming for the wheel U, 14 inch pitch, $} wide, we obtain 
P= S35 x 7'5 x If x 3} = 42°38, being equal to the 
wheel S, as required. 

(599.) In most cases of heavy cranes, it would be expedient 
to reduce the strain on the chain by tho use of several ranni 
pulleys: on the other hand, the strain on the chain and wheole 
gearing being the same, the load lifted may be greatly increased 
by tho same means, Thus with 10 tons on the chain, as in 
(592), we had 20 tons lifted by 1 ranning pulley: with 2 run- 
ning pulleys we should bave 4 chains, and 40 tons lifted: with 
8 running pulleys, 6 chains giving 60 tons, &e. Tn all those 
cases the strain on the chain and gearing would be that due to 
10 tons only: but of course the strength of the Jib of the crane 
would require to be adapted to the actual load. 





ELASTWOITY! EXTENSION AND COMPRESSION. 


CHAPTER XV. 
ON EXTENSION AND COMPRESSION. 


(600.) With all matorials, a tensile strain has the effect of 
increasing, and a compressive strain of decreasing the length of 
a bar subjected to those strains. The variation in length may, 
with small strains, bo infinitesimally «mall, and quito inappre- 
ciable to ordinary observation, but sufficiently refined and 
delicate measurements show, even with the most rigid materials 
and the smallest strains, that there is an accompanying alteration 
in length. 

In most cases, this longitudinal change of dimension is 
accompanied by opposite and contrary changes laterally ; that 
is to say, a tensile strain which increases the length of the bar 
is accompanied by a corresponding reduction in diameter, dc. ; 
in that case, the density or specific gravity of the body is 
unchanged. But in other eases there is an obvious disruption 
or partial dislocation of the component parts of the material, 
which never return perfectly to their primitive places, the bar 
remains permanently longer or shorter than before, and takes a 
“ permanent set.” 

‘The experimental information on the extension and compres- 
sion of materials by direct strains is very scanty, except for 
east and wrought iron; fortunately on these, the most im- 
portant of all the materials used in the arts, we have in the 
wonderfully refined and exhaustive labours of Mr. Hodgkinson 
abundant data, leaving little or nothing to be desired. 

For Timber and all other materials we shall have to deduce 
the longitudinal elasticity from the defloction as a beam by 
transverse strains, which, as we shall find, is a rather uncertain 
and unsatisfactory method. 

It will be convenient to consider extension and compression 
together. As they follow similar laws there will be no objection 
to that course, which will, moreover, have the advantage of 
giving comparative results which will be useful. The resistance 
to compression where the bar is of considerable length, and ie 





« Joot'as0"a1 kat" ové‘sy}eoreoo0000-lpore0a00000. ‘S¥181000-| 6101000. | Hasts000. 
“ FA *. ty £ | ogotsooo- 

H09* 11" T1009" 9F9*T1/61080000000-/40620000000-) GILL.) #660000- +} SZOFF000- 
% si Bs Be ms a OL9TF000- 
008°S16*T1 008 9z6"GT)16880000000- 98L20000000-| GeELT000- . -| $9878000- 
6 ay, om = Sn O8SF£000- 
006" LF ‘G1, 008"R6T"£T 12080000000-|08520000000-| BLE9TO00-) G1880000+ +} 92987000.) 
xs a a a co ep ** | ozeszooo-| “| “tors 
001*196°S1}00F" GFF" T/21220000000- IeerZ0000000-) Se99TOO0-) £2180000- -| 9¢29T000- 
rs a i a % A oserooo.|. « Mare 

a Me - ee = 2 wa O@FILO00-| °°  TIse"t 


osL*zeh'S1\006' C89" s1)6240000000-/0820000000-| 92891000- . +} 16620000. 
s - E H se 3 00940000-) ** ¥c0'T 











aes | seg oars is aay : 
chan omnis ppery| WBA | ML ‘mon | wo, a 

coon wages “a7 Md herp ——— | 09.4 

a ? Tawi 

iaravenred poarodsovar | Sid 























pe awa aod q°} Up : 
“a Apnenrg so epee “ppSury omy Jo Fare UE WOPURIS ubg sod ays 











*aoay JO Bpury znoy uo 
syauipdxyy Jo sansoy uvopy 9x3 Furoq ‘sstvUKg wItSNKay, Aq NOU] LeVLH Jo KoIsSILXY Oy JO—SB ITA¥I, 





| 


au) 
000"910"9 


080"F6I'9 
0g'sen'9 
ge 's0r's 
Oos*ate'L 
000'esL's 
000°LF*G 


96*0: 


(or) 
009" sea" 


oo8*or96 
oe" s0‘OT 
por see"or 
006"896"0T 
bonase' ri 


00%" GOL" 1T 





000*orO "at 


| 





@ 


5091000000- 
¥191000000. 
T¥21000000- 
809 1000000- 
¥957000000- 
BFT1000000-: 
9201000000 


T¢880000000.' 


® 


(61801000000- 


20907000000 + 


49660000000. 


15160000000 - 


‘60880000000- 


0¥£80000000- 


{C0880000000- 





‘16460000000! 9 





() 
98E57000- 


TSF0T000- 


T8L6T000- 


O8T6TOOO- 


SO98T000- 





() 


96F8T000- 
+) BRALTOOO- 
+) 09891000. 
| 80871000- 
50881000+ 
0Lz51000- 
O1FTTO00- 


18901000 





(9) 


000LT00- 


Tesser00. 
T9BOT E00. 
SSTB0T00- 
16288000- 
T6292000+ 


TrIg9000- 





TLET0T00- 


0L946000- 
‘vaces000- 
0668000- 
GSTLL 

O8S1L000- 
‘BL09000- 
02119000- 














814 RLASTICITY ; EXTENSION OF CAST IKON, 


left free to defleet sideways, is considered in the Chapter on 
Pillars, and in treating on elasticity under compression in this 
chapter, the body will be supposed to be supported laterally, so 
that it is prevented from yielding by flexure. 

(601.) * Cast Iron."—We shall consider first the olasticity of 
Cast Iron, not only because of the importance of that material, 
but more particularly because its elasticity being very imperfeet, 
the resulting phenomena are instructive, and will facilitate the 
study of other more perfect materials, such as wrought iron and 
steel. 

Mr. Hodgkinson made experiments on the extension of cast 
iron by suspending rods of that material vertically in a lofty 
building and loading them by direct weights. ‘The bars were 
about 1} inch diameter, 1 square inch area, and 50 feet long; 
thoy were of four different kinds of Iron, namely, Lowmoor 
No. 2, Blaenavon No. 2, Gartsherrie No. 3, and « mixtare com- 
posed of Leeswood No. 8 and Glengarnock No. 8, mixed in 
equal proportions, The mean ultimate cohesive strength of 
these four different kinds of iron was 7-014 tons per square 
inch ; they may therefore be regarded as fair samples of British 
cast iron, the mean ultimate cohesive strength of which, as 
found by very numerous experiments on 23 kinds of iron, we 
found (4) to be 7-142 tons per square inch. Table 88 gives in 
cols, 1 and 4 the mean experimental straing and 
extensions of the four different kinds of iron named, the latter 
being reduced to parts of tho longth for convenience of reference 
and general application, The extensions for even tons and 
half-tons, as given by cols, 2, 3, 4, wore obtained by direct 
interpolation between the noxt precoding and following 

1 without correction. 

It will rved that the exteneions are not simply and 
direetly proportional | to the strains, but that they increase in a 
higher ratio, this fact being due to defective elasticity. Mr. 
Hodgkinson has given rules which agree moderately well with 

wimental results, and may be modified into the 


(602.) 
B® = -00239628 — {-00000574215 — (-o0000077044 x W}#, 





RLASTICITY : EXTENSION OF CAST THON. 
(003.)  W = (6220 x E) — (1298000 x EB). 


In which E = Extension in parts of tho length. 
»  W = Tensile Strain in Tons por square inch. 


‘Thus, say wo require the extension due to 2 tons per square 
inch :—we have first “0000007704 x 2 = -00000154088. 
Then (-00000574215 — -00000154088) 4/ = -00204970, and 
00289628 — -00204970 = -00034658, the extension by 2 tons 
required, which with a length of say 50 feet, or 600 inches 
= 00084658 x 600 = -208 inch. 

Agnin, say we require the strain due to an extension of 
00133821 ; we have first 6220 x -00188821 = 8-82. Then 
-00138821°= -000001791 and -000001791 x 1298000 = 2°82 ; 
finally, 8°32 — 2°32 = 6 tons per square inch, the strain 
sought. 

The col. 5 in Table 88 has been caleulated in this way up to 
6 tons per square inch :—for 6} and 7 tons the rale gives 
00153938 and -00180546 respectively, which, being consider- 
ably in excess of the experimental results as plotted in a 
diagram, &c., we have adopted the latter for those two strains, 
Cols. 6 and 7 have been obtained from col. 5, 

(604.) * Defect of Elasticity."— With a perfoctly elastic 
material equal increments of weight would produce equal 
amounts of extension throughout, up to the breaking strain. 
But col. 6 of Tablo 88 shows that with cast iron the extensions 
by each successive half-ton progressively increase from 
+00008178 with the first to -00018496 with the Inst, the mean 
extension per tou (which is o different thing) being with 1 ton 
00016655, and with 7 tons - 00024286. 

With a variable rate of extension as with Cust Iron, it becomes 
necessary clearly to distinguish the mean extension between two 
given strains from that at a given strain :—for instance, botween 
0 and 7 tons per square inch the total extension by col. 5 is 
0017, or at the mean rate of -0017 +7 = +00024286 per ton 
as given by col. 7; but the first half-ton gives ‘00008178, or at 
the rate of «00008178 x 2 = -00016856 per ton, which is con 
siderably less, and the last half-ton gives -0017 — -00151504 
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=-00018496 ns in col. 6, or at the rate of -00018496 
~00036992 por ton, which is considerably greater. 

‘Tho cols. 8 and 9 wore obtained by the same reasoning, and 
will be understood from the preceding explanations:—thus, 
with a bar strained with 2 tons or 4480 Ibs, each successive 
pound produces a greater extension than the ons 
varying by col. 9 from +00000007488 per Ib. when loaded with 
4 a ton to -00000008394 per 1b. when loaded with 2 tons. 
‘The mean rato of oxtension is not an arithmetical mean of those 
extremes, but is given by col. 8 at “00000007736, 

‘The extension of cast iron may be calculated with moderate 
accuracy by the Rules :— 


(605.) © =(-00015 x W) + (-0000122 x W». 


4 
ig + 87° 8} — 6-15, 


(608) W={ oppor 
By this rule with tensile strains of 
1 2 8 4 5 


tons per square inch, the extensions become 
“0001622 "O003488 -0005598 -0007952 -0010550 -0018892 -O01GITS 


By Table 88, col. 4, the experimental extensions for the same 
strains were 
+00016556 -00034865 -00054894 -00077282 -00L02S71 -00184480 “00167840 


By Mr. Hodgkinson’s rule (602) we found, as in Table 88, &e., 
the extensions :— 
00016655 00034658 *00054430 "00076521 00102153 *00183821 *O0180546 


‘The application of Table 88 to practioo may be easily illus- 

wo roquire the extonsion of a bar 1000 inches long 

7000 Ibs. per square inch ;—then the nearest 

2 is 6720 Ibs., when by col. 8 the mean extension 

is «000000081 per Ib, hence we have -000000081 x 7000 x 
1000 = +567 inch. 

Now, if wo required the effect of say 532 lbs. more or less on 
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the bar already loaded with 7000 Ibs., we have by col. 9, 
00000009408 x 532 x 1000 = -05, or jth of an inch. If 
this bar had been loaded with }, ton only, then 532 Ibs, would 
have produced an extension of + 00000007488 x 532 x 1000 = 
0395, or =t5 inch; but if loaded with 7 tons, then the exten- 
sion would have been -0000001662 x 582 x 1000 = ‘O884, or 
is inch. Tho effect of a given tensile strain is therefore not 
uniform, but varies with the load which the bar bears before- 
hand, in the ratio of 2-236 to 1 by col. 9 with initial strains of 
7 tons and } ton, 

(G07.) “Compression of Cast Iron."—Mr. Hodgkineon made 
experiments on the compression of bara of cast iron about 1 inch 
square and 10 feet long, which were inclosed in a frame of cast 
iron, which prevented lateral flexure. They ware an easy fit, 
and the bar was oiled and was struck occasionally in different 
parts with a hammer to eliminate as much as possible the effects 
of friction. There were four kinds of iron, being in fact the 
same as those whose extension under tensile strains had been 
previously determined (601), namely, Lowmoor No. 2, Blaen- 
avon No, 2, Gartsherrio No. 3, and a mixture of Leeswood No. 3 
anid Glengarnock No. 3 in equal proportions. There were two 
experiments on cach kind, therefore 8 experiments altogether, 
and the mean results are given by Table 89, the observed com- 
pressions being reduced to parts of the length for convenience 
of application. It will be observed that, as with the extensions 
80 with the compressions,—they are not simply proportional to 
the strains, but increase ina higher ratio throughout, this result 
being due to defect of elasticity. 

Mr. Hodgkinson has given rules for the compression of cast 
iron under crushing strains which agree fairly with tho 
experimental results; the following is a modification of those 
Reales :— 

(608.) 

G = 0128684 — {-000152858 — (-000004288 x We}}, 

(609) We =(5773 x C) — (288473 x ©). 

In which W, = the compressive strain in tons per square inch, 
% © = the compression in parts of the length, 
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Thus, to find the compression by 12 tons, we have first 
+000004283 x 12 = -000051396 ; then (-000152853 — 
+000051396) / = -0100725, and -0123634 — -0100725 = 
-0022909, the compression sought, which, with a length of 
say 30 fect, or 360 inches, becomes -0022909 x 360 = ~0825 
inch, 


Again,—to find the strain due to a compression of -00187422 
in a bar whose length = 1-0; wo have first -00187422" = 
- 000003513, then 

5733 x -00187422 = 10-82 
283473 x -000008513 = -82 


10-00 tons compressive strain. 


The col. 5 in Table 89 has boon calculated by this rule up to 
18 tons, beyond which the experimental results, as plotted in a 
diagram, seem to show that the rule gives the compressions too 
small. In the experiments the maximum strain was 51,480 Ibs, 
or nearly 23 tons per square inch; continuing the curve by 
judgment, we have obtained the compressions up to 42 tons por 
square inch, which is nearly the mean ultimate crashing strain 
for British Cast iron, as determinod by numerous experiments 
on 28 different kinds of iron; seo Table 31 and (132). Beyond 
the experimental strain of 23 tons, therefore, the compressions 
given are of doubtful sceuracy. 

(610.) In order to getermine the compressions with heavier 
strains up to the crushing lond, Mr. Hodgkinson made anothor 
stries of experiments on short cylinders of various kinds of cast 
iron {inch diameter, and 1} inch high, except one specimen, 
which was 1} inch diameter and 2) inches high, the results of 
which are given by Table 90. For comparison we have given 
in the first line the mean compressions of long bars in a guide- 
frame, as found by the former experiments, and given in 
Table 89, 

(611.) Tt will be observed that the experiments on short 
cylinders gave very anomalous results, excooding greatly those 
obtained from the long bars. Confining ourselves to 20) tons 
per square inch, which is well within the limits of the observed 

x 
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compressions with the long bars, we find that the short cylinder 
of Yatalyfera iron gave *0083 + -0047242 = 1-76, and the 
Lowmoor 0161 + -004742 = 3-4 times the compression given 
by the long bars. With 42 tons, which is nearly the mean 
crushing strain for British iron, the short cylinders of Clyde 
iron gave +0446 + -0243574 = 1-83, and the mixed irons 
07 + -0243574 = 2-87 times the estimated (609) compression 
of the long bars. 

In searching for a reason for this great discrepancy, we 
might at first be led to suppose that it was due to the fact 
that the short cylinders were free to expand laterally in pro- 
portion to the longitudinal compression, while the long bars, 
being confined in a guide-frame, were prevented from doing 
80; but the fit of the latter was prosumably so slack that 
this reason seems inadequate to account for the differences 
observed. 

Mr. Hodgkinson himself seems to have suspectod that there 
were considerable errors in the observed compressions of the 
short cylinders due to the method by which they were taken ; 
he says “they were crushed between two disca of steel ¢ inch 
thick, which were parallel to each other. Betwoon the dise and 
the specimen, both at top and bottom, a very thin picce of lead 
was interposed to prevent irregular action against each other ; 
bat, notwithstanding the care taken, it is probable that the 
results of these experiments are not free from considerable 
errors arising from the following causes: the great weights 
applied, 20 or 30 tons per square inch of section, caused the 
ends of the cylinders to be driven into the surface of the discs 
to such a dogreo that the surface of the steel sometimes 
remained irregular and broken after the experiments, showing 
the form of the ends of the cylinder. From the same cause the 
discs of steel would become slightly incurvated, and their 
distances asunder would be decreased more than was due to the 
shortening of the cylinder by the quantity of its penetration 
into the discs, added to their approach through flexure.” 

(612.) The experiments on short cylinders must therefore bo 
regarded as of doubtful accuracy, and in the present state of our 
knowledge the compressions given by Table 89 from oxperi- 

xd 
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ments on Jong bars may bo taken as approximately correct for 
all strains up to the crushing load. The shortening of a pillar 
under heavy strains is very considerable; thus, by Table 89, 
with 42 tons per square inch, a pillar 10 feet, or 120 inches, long 
is shortened -0243574 x 120 = 2-92, or nearly 8 inches. If 
wo admitted the results given by Table 90 for mixed iron, we 
obtain -07 x 120 = 8-4 inches compression; even under 
ordinary strains, the amount of compression is much 

than most practical men aro aware of; for instance, with the 
ordinary safe strain of one-third of the ultimate crushing load, 
or 14 tons per square inch, a pillar or series of pillars joined 
end to end, 50 feet, or 600 inches long, by col. 5 of Table 89 is 
shortened -002731 x 600 = 1°6386, or 1§ inch, and when thus 
Tonded, 1000 Ibs., more or less, will, by col. 9, cause # 
further change of length = 0000001049 x 1000 x 600 = 
+06294, or yi; inch, 

(613.) In Tablo 89, col. 6 shows that the compression is not 
simply proportional to the weight, but, on the contrary, is pro- 
greasively increased from -O001744 with the first ton to 
“0013156 with the last, or 42nd. The ratio of the com- 
pressions with equal weights is therefore :0013156 + -0001744 
= 7°53 to 1°0; this being due to defect of Elasticity (604). 

The rate of compression being thus variable, it becomes 
necessary, as wo found to be the case with extension (604), to 
distinguish the mean compression between. two given strains 
from that produced by a certain weight on a bar already loaded. 
This has been explained and illustrated for variable extension, 
and need not be repeated here. ols. 8 and 9 have been 
obtained by analysis with the numbers given by the expori- 

n illustration of their application will suilice ; a pillar 
1000 inches Iong, loaded with 20,000 Ibs, per square inch, will, 
by col. 8, bo shortened -00000008294 x 20000 x 1000 = 1-659 
inch, and when thus loaded, an extra strain of 1 ewt,, or 112 Ibs., 
will, by col. 9, give -00000008941 x 112 x 1000 = Ol, or 
rhoth inch compression, &o, 

For moderate compressive strains, say under 15 tons por 
square inch, the compression of cast iron will be given with 
considerable accuracy by the Rules ;— 
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(G14) © =(-00017 x We) + (-0000018 x W3). 


(615.) We = | paar + nasi 47-2. 


In which © = Compression in parts of the length. 
We = Crushing weight in Tons per square inch. 

Thus, to find the compression due to 15 tons per square inch, 
15" being = 225, wo have -O0017 x 15 = -00255; and 
-0000018 x 225 = -000405. Then -00255 + -000405 = 
+ 002955, the compression sought, 

Again; to find the compressive strain due to a compression 
= *002955, we have +002955 + -0000018 = 1641; then 
(1641 + 2228) ,f = 62-2, and 62-2 — 47-2 =15 tons, the 
strain required, &, Calculating in this way, we obtain the 
following results :— 


*0020878. 


‘These compressions differ very little from those given by 
Table 89; with great strains it would seem that tho compres- 
sions beeome too anomalous and irregular to be expressed by 
any ordinary practical role, Thus, for 35 tons, Mr. Hodgkin- 
son's rule in (608) gives -01064785, but the diagram, based on 
tho experiments on long bars, and col. 5 of Table 89, gives 
+0159945, and the direct experiments on short ¢ylinders, 
Table 90, from +026 to +0458. Except for the purposes of 
scientific resoarch, cast iron is never strainod beyond one-third 
of the ultimate crushing load, or beyond 14 tons per square 
inch; hence the uncertainty as to its compression under 
excessive strains is of little practical importance. 

(616.) “Comparative Dtension and Compression of Cast 
Tron." —We should have expected instinctively that all materials 
would resist compression with greater energy than extension, 
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but experiment has shown that with cast iron, and still more 
with wrought iron (628), the matetial yields more to a small 
compressive strain than to a tensile. Confining ourselves to 
tho direct and unreduced experiments as givon by cols. 4, 4, 
in Tables 88, 89, we obtain the results given by Table 91, 
which show that for strains below 2 tons per square inch the 
compressions exceed the extensions; with 2-355 tons they aro 
equal, as shown by ‘Table 92; with greater strains the exten- 
sions exceed the compressions, a fact which is due to defect of 
elasticity. The ultimate resistance of cast iron to compressive 
strains being six timos that for tensile ones, and defect of 
clasticity increasing rapidly as the ultimate strain is approached, 
this fact tells more influentially on the extensions than on the 
compressions. 

(617.) It should be observed that 2-355 tons is very nearly 
jrd of 7:142 tong, the mean ultimate Tensile strength of cast 
iron, and th of 43 tons, the mean Crushing strength. Let 
Fig. 206} be the section of a bar 1 inch square and 1 foot long, 
loaded transversely until the tensile strain at B and crushing 
strain at © are both = 2°355 tons per square inch. The 
extension and compression with that strain being, as we have 
seon, equal to one another, it will follow that the neutral axis 
N. A. will be in the centre of the section, By Rule (689), the 
transverse load will in our case be )),th of the maximum strain 
at B or CO, hence we have My = 2°355 + 18 = -1314 ton, 
which is }th only of -921 tong, its mean valuo for breaking 
load, as given by col. 6 of Table 66 (523). 

We now have this remarkuble fact: that the “Factor of 
Safety” varies greatly with the three great strains involved in 
the case; for the Tensile it is = 3, SS the Crushing = 18, and 
for tho rosulting Transverse strain 

It will be evident from this that, it a flanged girder were 

i cing weight, the proper form of 

As the 

strain increases beyond }th up to tho breaking weight the 
noutral axis rises from the position in Fig, 206 until it becomes 
168, when, us shown by Mr. F ingon’s experi= 

ments, the most economical form of section is with flanges 
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having areas of 6 to 1. His girders wore all of the same 
depth, namely, 5} inches; the ratio of areas were 1 to 


1 204 3-75 4-4 S74 6°732 
The mean Breaking tranavorse loads por square inch of whole 
sectional areas wero— 

2368 2567 2710 3198 S352 3729 

Tbs. ; hence, taking the eqnal-flanged girder as = 1-0, the mean 
increase in strongth per cont, becomes 

o “84 Wet 350 40°7 87-5 
Tanix 92,—Of the Comexexce of Exressiox and Comrarstiox of 

Casr Inox. 


Extension, | Compression, 





*00034865 |  -00085050 
00036950 
00088850 
“00040750 


“00041795 
“00041890 
“0004: 20 “00042650 
“OOOEEEZ5 | - 00044550 


(618.) It would appear, however, that the ratio of the aroas 
of tho flangos is not a fixed one for all strains, but should vary 
with the ratio of tho working load to the breaking weight, 
rising from 1 to 1 with 3th to 6 tol with the Breaking weight. 

Tt has been gratuitously assumed that the best form of section 
for the Breaking Weight mat of necessity be the best for lower 
strains also, say 4rd, which is the ratio commonly used, and 
thus Mr. Hodgkinson’s form, with flanges in the ratio 6 to 1, 
has beon almost universally adopted in supposed deference to 
authority, although that proportion would not commend itself 
to the unbiassed mechanical instinct of practical men: Mr. 
Hodgkinson, however, is not responsible for the erroneous 
deduction from his experimental results. 
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Reasoning seems to show that with Factor 3 the ratio of the 
flanges should be somewhere between 1 to 1 ax for }th, and 
6 to 1 as for tho Breaking weight. Fig. 207 gives a section 
which fulfils the condition that the maximum tensile strain 
shall not exceed Jrd of the Breaking weight. Thus the area 
of bottom flange = 10 square inches, the strain at ‘I’ = 2-355 
tons per aquare inch, and the distance from N. A. = 4; hence 
we have 10 x 2-855 x 4 = 94-2. Then, the area of top 
flange=4-5 square inches, the strain at © =9-5 tons por square 
inch, and the leverage = 6, giving 4-5 x 3°5 x 6 = 94°5, or 
practically the same as tho resistance to tension, which is a 
necessity: in this case tho ratio of the flanges = 10 + 4°56 
= 2°22 to 1°0. 

But we must see to it, that extension being to the compression 
in Fig. 207 as 4 to 6, corresponds to 2+355, and 3-5 tons, the 
respective strains. Table 92 shows that for Tensile strain of 
2°355 tons, the extension = -00042; then the compression 
must be -00042 x 6-4 = -00063, which is due to 3-5 tons 
por square inch by Table 89, Tig. 208 is a “usrr” girder 
having the same proportions as Fig. 207, from which the 
dimensions for any load or span may be found, as explained 
in (485). 

Fig. 209 is a Diagram which shows that, admitting equal 
flanges as the best for 3th of the Breaking weight, and 6 to 1 
for the Breaking weight, we have 2°08 to 1-0 for rd, which is 
the ordinary working load, and agrees moderately with 2-22 as 
found by analysis: 3°08 to 1-0 for 4; and 4°08 to 1:0 for 
3 of the Breaking weight. It is probable from (617) that 
these ratios of sfrains apply principally to the bottom flange 
in Fig. 207 the Factor is 7:142 + 2°355 = 8 for the Tensile, 
and 43 + $-5 = 12-8 for the Crushing Strain. See ($54) and 
the Diagram, Fig. 81, &e. 

(619.) The actual and comparativo lengthening and shorten 
ing of cast iron under different tensile and crushing strains 
may be shown distinctly by calculating the lengtha of bars that 
would be altered in length 1 inch by different strains. Table 93 
gives that length for cast and wrought iron. = + 

(620.) “ Extension of Weought Iron." — The elasticity of 
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wrought iron is very nearly perfect with moderate strains, say 
up to 8 tons per square inch, differing entirely in this respect 
from cast iron, as we have seen (604). Mr, Hodgkinson made 
experiments on two bars 50 fect long of the respective diameters 
of 4 and } inch, the results of which reduced to parts of the 
length are given by cols. 3, 3 in Tables M4, 95. For the 
weights in oven tons, cols. 1, 1, the extensions were obtained 
by interpolating between the next greater and lesser experi- 
mental numbers as given by cols. 3, 3, without correction, 
that is to say, without attempting to equalize or eliminate the 
unavoidable errors and anomalies of experiment; the mean 
result of the two experiments is given by col. 5 of Table 91. 
It will be observed that the Modulus of Blasticity, cols. 4,4 
in Tables 94, 95, with which perfoct elasticity would have been 
the same throughout, is practically uniform up to about 8 tons 
with the j-inch bar, and about 9 tons with the }-inch bar, the 
departures from uniformity being no doubt due to errors of 
observation. Defect of elasticity would have been manifested 
hy a regularly progressive reduction of the Modulus; if there 
were such a reduction it mast have been exceedingly small, and 
being obsoured by errors of observation, it does not appear in 
the experiments. 

(62L.) “ Eyfect of Time,"—Ono very instructive and important 
point brought out very clearly by these two experiments is that 
with heavy loads the extension is not governed by the strain 
alone, but becomes also a question of time, The falling off in 
the Modulus with strains greater than § or 9 tons, scems to 
show that the bars were overloaded, and in all probability 
observations to that end would then have begun to show the 
effect of time, but such observations were not made until tho 
q-inch bar was loaded with about 13 tons, and the }-inch bar 
with 14°3 tons per square inch, and then, even five minutes of 
time had a great effect on the result. 

‘The Tablo alone gives a very imperfect idea of the relative 
effects of the gradually increasing strains on the extensions 
and of the influence of time on the results; the Diagram, 
Trig. 215, shows both graphically, A careful comparison of the 
results of the two experiments in Tables 94, 95, will show a 
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‘Tasué 94.—Of the Exrenstos and Peawasest “ wy ofa Bar of 
Wrovonr Inow { inch Diameter—continwed, 
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‘Taxis 95.—Of the Exrensiox and Penmaxent “Ser” of a Ban of 
Waovout Inox § inch Diameter—continued. 
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tolerably close agreement in the extensions up to 13 tons per 
square inch, but beyond that point the j-inch bar yields more 
both to time and extra strain than the }-inch one; it will 
therefore be expedient to consider them separately. 

(622.) With the J-inch bar, the most remarkable fact is, that 
the effect of time with cach load is at first very great, but con- 
tinually decreases until it becomes nil, time having no further 
effect. Thus with 40,013 Ibs., or 17-86 tons, per square inch, 
the first hour produces by col. 4 an increase of 14-5 per cent. 
but tho next hour only 1 per cent.; the next only 0-3; 
the next 0-1 por cent., &c., until the 7th hour, after which, 
time ceases to have any effoct. Similarly, with 42.681 Ibs, or 
19-05 tons, the effect of 10 — 5 = 5 minutes, is to increase 
the extension 9 per cent., and then 46 hours gives a further 
increase of only 10-9 —9 = 1:9 percent. With 45,348 Ibs, or 
20-24 tons, 1 hour gave an increase of 1 per cont, 2 and 19 
hours having no further effect. Finally, with so great a strain 
as 50,688 Ibs., or 22-63 tons, per square inch,7 hours gave only 
the small increase of 0-08 per cent., 12 hours having no further 
effact on the extension. 

(628,) The 3-inch bar seems to have been a softer and more 
ductile iron than the other; the effect of timo on the extension 
was much greater and much moro persistent; although the first 
increment was the most influential, the effect was reduced less 
rapidly, as shown by col. 4. Thns, with a strain of $0,284 Ibs., 
or 18-52 tons, per square inch, the extension increases regularly 
(although after 1 hour at a diminishing rato) up to 17 hours, 
when it became 19 per cent. With 32,808 Ibs., or 14°65 tons, 
per square inch, which ia not a very heavy strain, the effoct of 
time was enormous, 5, 10, and 15 minutes giving an increase on 
the extension of 27-5, 44:5, and 88°7 per cent. respectively ; 
at this Inst rato the extension of the bar would in 18 minutes 
have been donble that produced immediately by 14°65 tons on 
this particular bar. With 34,070 Ibs,, or 15-21 tons, 2 — 1 = 
1 minute, gave -04, and 1 hour = 82 per cent. increase, 
Finally, with 35,332 Ibs., or 16-77 tons, 10 — 5 = 5 minutes, 
gave 6:9 per cont. increase, &e. The combined results of both 
sots of experiments aro given by Table 96. 
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(624.) The genoral conclusion from these experiments is, 
that for permanent structures the maximum working load on 
rolled bars of wrought iron should not exceed 8 tons per square 
inch, which is nearly ono-third of the mean ultimate cohesive 
strength of British iron, namely, 25-7 tons per square inch, as 
shown by Table 1. Within the limit of 8 or 9 tons, the exten- 
sions are practically aimply proportional to the strains, and may 
be takon approximately at -00008 of the length per ton. With 
heavier strains, the extensions increase more rapidly than the 
Joad, and with all such strains are still further extended by time 
to an extent varying considerably with the ductility of the 
particular specimen of iron, 

(625.) Another important practical lesson may be drawn from 
this investigation, namely, that where the length is fixed, whatever 
initial strain may be put on wrought iron, the permanent strain 
after a certain time will not exceed 8 or 9 tons per square inch. 
For instance, say. that a wrought-iron hoop or wheel tire is 
shrunk hot on a cast-iron wheel, &c., as in Fig. 25 and (90), so 
that when cold it shrinks to such an extent as to yield at first 
say 20 tons per square inch; but that strain would not be per- 
manent ; the bar would immediately begin to stretch, and by so 
doing relieve the pressure upon it, at first very rapidly, after- 
wards, as tho strain was reduced, more and more slowly, until 
after a long poriod it became 8 or 9 tons only, although the 
extont to which it was originally stretched was that due to 
20 tons, and that strain was really obtained for a few 
seconds (90). 

(626.) * Compression of Wrought Iron.'—Experiments wore 
made by Mr. Hodgkinson on two bars of wrought iron, cach 
about 1 inch square and 10 feet long:—they were enclosed in a 
frame to prevent Interal flexure, in the same way as with the 
cast-iron bars.in (607). Tho results are given in Table 97, 
but the experimental strains on the bars (which were rather 
more than one inch square) are reduced to equivalent strains per 
square inch, and the observed compressions are reduced to parts 
of the length of the bar. 

Tho compressions for even tons were obtained by interpo- 
lating between the greater and lesser experimental numbers. 
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‘The mean compression of the two bars is given by Table 98, 
and in cola. 4,5, reduced results are given, which may be taken 
a8 sufficiently correct for ordinary purposes, 

(627.) “ Effect of Time."—Vhe effect of time in increasing 
the amount of compression was observed with one of the bars 
only, and that not before a strain of 30,858 Ibs., or 13°77 tons, 
was applied: the influence of time was then found to be very 
great, the compression being increased -002175 + -00158333 
= 1-87, or 37 per cont. in } an hour; 48 por cent, in } hour; 
and 73 per cent, in 1} hour. In all probability, time would 
havo been found influential with comprossive strains of 8 or 10 
tons per inch if observations had been made, and we may infer 
that for permanent structures the maximum working compressive 
strain should not exceed 8 tons per square inch, being the same 
a8 we found for the Tensile strain (625). 

(628.) “Comparative Extenvion and Compression of Wrought 
Tron."—Weo found (616) that with small strains, when defect of 
elasticity was uninfluontial, cast iron yielded more to compres- 
sive than to equivalent tensile strains. A similar comparison of 
the elasticity of wrought iron leads yet more clearly to the same 
result, as shown by Table 91; the elasticity of wrought iron is 
80 nearly perfoct that the ratio is nearly the samo with all 
strains up to 10 or 11 tons, the mean ratio in col, 7 from 1 to 11 
tons is 1-236. 

The length of rods and pillars of wrought iron that would 
be shortened 1 inch by different tensile and compressive 
strains is given by Table 93, and will suffice to give a general 
idea whore it is desired to avoid the trouble of exact 
calculation, 

(629.) “ Comparative Eatension of Cast and Wrought Iron."— 
These two important matorials are frequently combined in 
structures, and the differences in their elasticity cause unequal 
strains under circumstances where perfect equality might have 
been expected. 

‘Wo will first consider the relative extensions of cast and 
wrought iron under the same tensile strain :—here the maximum 
strain must of course be limited by the strength of the weaker * 
material of the two, namely, cast iron, which may be — at 
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7 tons per square inch. In Table 99 the cols. 2 and 3 have 
boon taken from cols. 4, 4, of Tables 88, 96, and col. 4 gives the 
ratio which increases regularly throughout, this fact being due 
to defect of elasticity in the cast iron as opposed to the almost 
perfect elasticity of wrought iron, the ratio rising from 2-066 
with 1 ton to 3-008 with 7 tons per square inch. Thus, oven 
with so low a strain as 1 ton, the extension of cast iron is more 
than double that of wrought iron. 

(630,) But this statement does not give a clear idea of the 
effect of the unequal resistance to the same extension which 
happens in those numerous casos where tho two materials are so 
combined that a given load must of necessity stretch them both 
to the same extent. Thus, in Fig. 123, let A be a rod of cast 
iron one square inch in area, and B a similar one of wrought 
iron stretched simultaneously and of necessity to the same 
extent by the weight W. Now, with say 4 tons per squaro inch 
on A the extension by col. 4 of Table 88 would be 00077282, 
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Tron uufler the same Testis Staats, 
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and as B must also be stretched to that same extent, the 
question is, What will be the tensile strain due to that extension 
with wrought iron? By col. 4 of Table 96, the strain is some~ 
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where between 9 and 10 tons per equare ineh, and by interpola 
tion we shall find the exact strain to be 9°555 tons; the weight 
W in Fig. 123 is therefore d 4+ 9-555 = 13-555 tons, Instead, 
therefore, of the two bars A and B dividing the load equally 
botwoen themsolves, we find that it is very unequally divided: 
Table 100 has been caleulated in this way; col. 4 shows that 
the ratio of the strains is variable, attaining a maximum with 
4 tons per square inch. 


Tante 100.—Of the Companarive Resiwrasce of Cast and 
Wnovanr Inow to the same amount of Exrexsiox by ‘Tensine 
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(631.) We found in (617) that the working safe tensile strain 
on cast iron was about 2} tons, with which the extension was 
000413; now with that extension the resistance of wrought 
iron would, by col. 5 of Table 91, be somewhere between 5 and 
6 tons per square inch, and by interpolation we find the exact 
strain to be 5-31 tons, from which we find the weight W 
= 2°38 + 5-31 = 7-64 tons, 

(6382,) We have so far supposed that the bars A, B, were of 
the same area for the sake of illustration ; obviously the areas 
might be adjusted so that the woight borne by the two bars 
would be equalized, but the strains per square inch could not be 
altered withont a violation of correct principles. Thus, if the 
cross-sectional urea of A were 1 aquare inch, then by making 
that of B 2-33 + 5-31 =-44 square inch, the weight borne by 
B would be the same as that borne by A, namely, -44 x 5-32 
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= 2°88 tons, and wo thus obtain W = 4°66 tons, the strain 
per square inch on the wrought-iron bar being still 
5°81 tons, 

(638.) It will be evident from this that with any ordinary 
combination of east and wrought iron tho fall value of the 
working strength of the latter, namely, 8 tons, cannot be 
realised ; for this and other reasons such combinations are not 
expedient, at least in cases where considerable strains have to 
be borne, With 8 tons per square inch on the wrought iron the 
extension by col. 4 of Table 96 would be -000638774, and with 
that extension the strain on the cast iron by col. 4 of Table 88 
would be nearly 8} tons, or about half the breaking weight, 
whieh would not be safe. 

(634.) “Comparative Compression of Cast and Wrought Iron.”— 
The relative ultimate cohesive strength of cast and wrought fron 
boing 7-142 and 25-7 tons por square inch, we found in (629) 
that tho strength of a combination of the two metals in resisting 
a tensile strain was governed potentially by that of the woak 
cast iron. But in resisting compressive strains this order is 
reversed, the ultimate strength of cast iron being 43 tons per 
square inch, while that of wrought iron does not practically 
excced 13 or 14 tons (627) for even a temporary load, the metal 
yiolding so much that it becomes valucloss: for permanent loads 
the strain should not exceed 8 or 9 tons, as we havo seen (624), 
while that for cast iron may be as much as 14 tons (618). 
Table 101 gives the compressions of cast and wronght iron 
under the same crushing strains. 

(685.) In Fig. 124 let O be a cast-iron and D a wronght- 
iron pillar one square inch in area, 80 close to one another, &e., 
that they must of nocossity be shortoned equally by the woight 
W, and let the strain on © be 5 tons per square inch, with 
which by col. 4 of Table 89, the compression of the cast irom 
will be -0008! with that compression the resistance of 
wrought iron by col. 2 of Table 98 would be between 9 and 
10 tons per square inch; by interpolation we find the exact 
strain to be 9-226 tons per square inch, the weight W will 
therefore be 5 + 9-226 = 14:226 tons. Calculating in this 
way we obtain Table 102, Beyond 14 tons in col. 3, the 
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rosistance of the wrought iron has been taken as constant, which 
is practically tro even with strains of a very tem 
character (684), to which alone, in fact, this part of the table 
strictly applies. With strains not exceeding 5 tons on the cast 
iron and 9°226 tons per square inch on the wrought-iron bars, 
the Table may be regarded ns accurate for pormanent loads. 

(686.) It appears from this invostigation that in combinations 
of cast and wronght iron under comprossive strains, the working 
load on the cast iron must not exceed 5 tons per square inch, 
although the ordinary safe strain is 14 tons, and the ultimate, 
or crushing strain 43 tons per square inch. ‘This shows clearly 
the inexpediency of such combinations in ordinary cases and for 
heavy loads. 

(687.) “ Extension and Compression of Timber, dée."—Wo havo 
unfortunately no direct experiments on the extension, &c., of 
most materials, and shall be obliged to refer to experiments on 
the transverse strength and stiffness, and to calculate the longi- 
tudinal strains and elasticities from the transverse ones, There 
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is considerable uncertainty in this method, which has also the 
further disadvantage of giving insoparably tho result of the 
compressive and tensile strains combined, so that we cannot 
determine the value of either alone, It will, therefore, be well 
to see how far this method agrees with direct experiments on 
such materials as cast and wrought iron, whose strength and 
elasticity ure known with certainty (600). 
(638.) We require 1st from a known woight in the centro of 
tangular beam of given dimensions, to find the maximum 
longitudinal strains, or those at the upper and lower edges of 
the section. Obviously the strain varies from nothing at the 
neutral axis toa maximum at the upper and lower edges (494), 
Then 2nd, from the observed deflection we have to determine the 
extension and comprossion produced by those longitadinal 
strains, 
‘To find the maximum longitudinal strains from the transverse 


ond, we have the Rale (518), or f = yet For a bar 
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Linch square and 1 foot, or 12 inches, between supports, tho 
rule evidently becomes f= 9 ~W* or as xY, or 18 x W, 
from which we have the simple law for s bar of those sizes, &c., 
that the maximum longitudinal strain is 18 times the transverse 


load : hence we have the Rule:— 
(639.) f= Wx 18. 


We may now apply this Rule to Timber whose tensile and 
crushing strength is known by direct experiment: for the 
former wo shall take Mr. Barlow’s results in Table 1, and for 
the latter, Mr. Hodgkinson’s in Table 82: tho Transverse 
strengths will be given by Table 65. 

(640.) A bar of ash 1 inch square and 1 foot long, breaks 
with a load of 681 Ibs. in the centre, the maximum longitudinal 
strain f = 681 x 18 = 12258 Ibs. per xquare inch; by direct 
experiments, the tensile strength IT’ = 17077 Ibs.; and the 
crushing strength © = 9028 lbs. per square inch: the mean of 
the two is 13,050 Ibs., or nearly as given by the Rule. 

English oak breaks transversely with 6509 Ibs.; hence f= 
509 x 18 = 9162 Ibs. per square inch: by direct experiments 
T = 10389 Ibs., and © = 8271 Ibs. per square inch; the mean 
of the two = 9330 Ibs, 

Beech breaks transversely with 558 Ibs.: hence f= 558 x 18 
= 10044 Ibs. per square inch; by direct experiments T = 
11467 Ibs., and © = 8548 Ibs.; the mean being 10,007 Iba. per 
square inch. 

‘Teak breaks transversoly with 724 Ibs.: hence f = 724 x 18 
= 13082 lbs, per square inch ; by direct experiments T = 15090 
and © = 10706, the mean being 12,898 Ibs. por square inch, &e. 

‘The application of the rule to cast and wrought iron is given 
in (520). 

(641.) Having found the value of /, or the maximum strain 
at the upper and lower edges of the section, we have now to 
find the extension and compression there from the deflection of 
the beam with a given load in the centro, for which we have 
the Rule:— 

3xDxi 


(042) Be= 9x (= 3" 
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in which D = depth of rectangular bar in 
between supports in inches ; 
inches: and I, = extension in parts Jength 
observed that the central load, and tho breadth have 
do with the question in this caso. The rule also supposes that 
the compression C is equal to Bz, which perhaps is nearly trae 
for light strains (617) with most materials, 

(648.) For a bar 1 inch square, and 12 inches long,2+2=6, 

Sx1ilx8 8x6 é 

and the rule becomes E, = “Exe? 8g? oF 5y> that 
is to say, the maximum extension and compression is th of the 
transverse deflection. 

Table 105 gives in col. 4 the mean deflection of bars of many 
materials, 1 inch square, 1 foot or 12 inches long, by 1 Ib. in 
tho contre, which by (638) is equivalent to 18 Ibs. longitadinally- 


‘Thus with cast iron tho rule becomes *00002886 +24 = 


-0000012 for 18 Ibs,, therefore -0000012 + 18 =* 0000000667 
for 1 Ib, or *0000000667 x 2240 = -0001494 per ton, the 
length strained being 1-0. 


Tho rulo = giving in this caso tho extension for 18 Ibs. por 
square inch longitudinally, is equivalent to Pear or a 


for 1 Ib, and to oor 8x 6°18 for 1 ton strain per 
Rivare ink 

For a stondand bar 1 inch square, and 1 foot long, wo bave 
the Rales:— 


(644.) =a 


(645.) BE, =6 x 5-18, 
in which E, = the extension or compression in parts of the 
length per 1b. per square inch: Ey, = the extension or com- 


pression per ton per square inch: 6 = the deflection in inches 
by 1 1b, in centre: thus for cast iron § = -00002886 by eol. 4 
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of Table 105; hence, Rule (645) becomos -00002886 x 5-18 
= "0001494 as before (643), 

(646.) Calculating in this way we have obtained col. 8 of 
Table 105. Comparing these results for cast and wrought iron, 
with those obtained by direct and exact experiment in Table 91, 
wo have for cast iron -0001494 by Tablo 105, whilo Table 91 
gives for extension -00016556, and for compression «0001695 
parts of the length, by 1 ton. For wrought iron, Table 105 
gives -00008106, while Table 91 gives for extension «000080121, 
and for compression, -00010133 parts of the length, by 1 ton. 
‘Thoso results agree fairly well together; hence we may have 
confidence in the method we have followed, and by which col. 8 
of Table 105 has been obtained. 

‘We may now illustrate the application of these rules to 
practice: say we have a wrought-iron bar 50 feet, or 600 inches 
long, with « tensile strain of 8 tons per inch : then the exten- 
sion = '00008106 x 600 x 8 = 0-389 inch. Direct experi- 
ment gives by ool. 5 of Table 91, -000638774 x 600 = 
“888 inch. 

Again, a bar of Riga fir, with say 2 tons per inch, and a 
length of 30 feet, or 360 inches, will stretch -00197 x 360 x 2 
= 1°42 inch. 

Again, a pillar of English oak 12 feet or 144 inches long, 
with a compressive strain of } ton per square inch will be 
shortened by the pressure *002042 x 144 x } = 0-22 inch: 
this being the mean, col. 8. 


CHAPTER XVI. 
ON THE DEFLECTION OF BEAMS. 


(647.) «Form of Ourve of Plezure.”—With « parallel beam, 
or one having uniform depth and breadth throughout the length, 
resting on bearings at each end, and loaded with a central 
weight, the strain on the material is a maximum at the centre, 
and is progressively reduced toward the ends, where it becomes 





the ends, where it is a straight line, 

When the strength at every point is proportional to the 
strain there, for example when the depth is uniform, and the 
breadth is reduced toward the ends in arithmetical ratio as in 
Fig. 116, the elastic curve is uniform in its radius from end-to- 
end, that is to say, it is a simple spherical curve, 

* Curve with Central Load."—Let Fig. 174 be a parallel beam 
resting on two bearings and loaded in the centre: then wo 
have the Rule :— 

=3xs Qh) x at 

(648) =a x( 
In which L = length of the beam between bearings. 

deflection in centre by central strain. 


a = distance from centre to & point whose deflection 
is required. 
y = co-ordinate of the curve at that point. 
Of course all the dimensions must be in the same torms, feet, 


inches, &e. 
(649.) Thus, with » beam 10 foct long, say 6 = 0°25 foot; 


3x°25 (5x 7 

#=8 foot: then by the ule y= 75> x (75° — =) 

= 0°108 foot, or 1-296 inch: hence the deflection at that point 

is 3 — 1-296 = 1-704 inch. Culeuluting in this way we may 

amber of points through which the entire curve of 

drawn, Table 103 has been calculated by the 

he half-length of the beam boing divided into 10 parts, 

and the central deflection = 1°0, from which we may easily 

find the deflection at any point in a beam whose central do- 

floction is known ;—thus in our ease, the point « being 35 

half-length distant from the centre, we find the 

deflection at that point = 0-568 x 3 = 1-704 inch as before. 

The curve B in Diagram, Fig. 213, has been obtained from 
Table 103. 

Load out of Centre.’ —Let Fig. 175 be a parallel beam with 

a load W out of the centre: knowing the deflection which any 
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Tantx 103.—Of the Foma of the Conve of Frexcnn in a 
Panattet Beam Deriecrep by a Cewrnat Wien, Fig, 212. 





weight would produce at the centro, we may find the deflection 
at any other point by the same weight applied at that point, vd 
the Rule:-— 


(650.) d= yy x {Ex d-F- 


In which 7 = the distanco from the weight to the nearest 
bearing in the same terms as L; d = the deflection at the point 
of application of the weight W, and the rest as before. Thus 
taking the beam in (649) whose central deflection = 3 inches, 
and say wo require the deflection at a point 3 fect from the end, 
therefore 2 feet from the centre:—then the Rule gives d = 
= x {10 x 8)— at =0'1764 foot, or 2-1168 inches, 
Table 104 has been calculated by the Rule, taking the central 
deflection = 1-0, and dividing the half-longth into 20 parts, 
col. 2 gives the deflection at each point in the length by that 
same constant weight, 

(651.) For example, in our case, the point is 2+ 5 = 0:40 
from the centro, hence the deflection there = +7056 x 3 = 
2°1168 inches as before. Tho curve A in Diagram, Fig. 213, 
has been obtained from col. 2 of Tablo 104, and gives the 
deflection from centre to end for a rolling constant load. Yor 
example, say we have a beam 24 fect long, and we require the 
deflection at 6 feet from the centre by a certain weight applied 
at that point. We have first to find what the central deflection 
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would be with that same weight in the centre: say wo find by 
calculation or experiment it was 1} inch: then the half-length 
being 12 feet, our point is obviously 6 +12 = 0-6, for which 

col. 2 gives 0°5625: hence tho deflection at that point = +5626 
x 1] = 0-7 inch. 

(652.) “Safe Load.”—We have here taken the load as con- 
stant, nt whatever point in the length it might be placed, but 
the safe load increases as it moves from the centre toward the 
end in inverse ratio of the product of the two parts into whieh 
the length is divided by the weight (420), for example with a 
beam 20 feet long, a weight in the coutre divides it into two 
lengths, each 10 foot, and we have 10 x 10 = 100: now say 
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that the weight is 3 foot from one end, therefore 17 feet from 
the other: then, 3 x 17 = 51, or about half that with central 
load, showing that the equicalent load there is double the 
central load, the beam being equally strained in both cases, 
although the actual weights aro in the ratio of 2 to 1, &e. 

In Table 104 the whole length is divided into 40, and the 
half-length into 20 parts; col. 4 gives the ratio of the equivalent 
or safe load at each point, and col. 5 the ratio of the deflection 
at that point due to that load, Thus: the defection with any 
central load being 1-0, at a point midway betweon the contre 
and the end, or 5 of the half-longth, it would bocome -5625 
with that same woight at that point by col. 2: but the safe load 
would then become 1-0 x 400 = 300 = 1-338, as in col. 4, 
with which the deflection would be increased to +5625 x 1-333 
=+75, a8 in col. 5. The curve C in Diagram, Fig. 213, has 
been obtained from col. 5, and this curve, it may be obsarved, is 
a parabola, but differs very slightly indeed from a simple 
spherical curve, 

“ Curve of Flecure for Uu-central Load.”—When the load is out 
of the centre, as in Fig. 175, the elastic curve may be found by 
the Rule:— rar a “ 

7) 
(653.) y= 30x G5" y (GRR xs d =k x2xa) 
QL) =-2)x 2 at 
+(uapxe dp 


In which L = length between bearings: & = deflection in 
centre which a given weight would produce if placed there: 
2 = the distance of the same weight from the cantre of the 
beam: # = the distance from the weight towards tho nearest 
support, of a point in the curve of flexure where the deflection 
is required: y = co-ordinate of the curve at that point, 

(654.) The deflection produced by the weight at the point of 
application may be found by the Rule (650), ée.: for instance 
we have there calculated that with a certain beam 10 fect long, 
4 woight which at the contre gave § = 3 inches, or } foot, 
produced a deflection of 2+1168 inches at 2 foot from the 
centre when placed there. Now, if we make z = to the whole 

Qe 
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distance from the weight to the cag y wold vis 
2°1168, or equal to the deflection: then 


b+2. [5—2%)x2 
y=8xExX SE fo x EDM? x 2x3) 


+ (SED eo Ah 1764 foot, 


or 2-1168 inches, as before. ncaa oe 


5+2  j5-2)x2 

y=8x4x a x P=) x3 2x1) 
By sss DES ets 8 foot, 

or +5366 inch: hence the deflection at B = 2-1168 —-5366 = 

1-5802 inch. Similarly for the point C we have:— 


y= 8x4%x Gos x 3 x2x2) 
+ CBE ott 


or 12581 inch: hence the deflection at © = 2-1168 — 1-2531 
=-8687 inch, &e. 

Thus the flexure at any number of points betwoen the weight 
and 0 may be found, and by making z negative, the othor part 
of the curve between the weight and n may be found also. 

(655.) The curve of flexure has in all cases the shortest 
radius at the point where the weight is applied, showing that 
the strain is the groatest at that point, and that the beam will 
break there, but the deflection of the beam is not a maximum 
at that point except when the weight is at the cantre. The 
deflection is a maximum between the weight and the centre of 
the beam, but much nearer the latter than the former: its 
position may be found by the Rule:— 


(056) m= (0) +2)— (yxy 40H %ex’ Sp 
In which m = the distance of the weight from the point of 


542 e=mx8 
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maximum deflection and the rest as before: see Fig. 175. 
‘Thus in the caso of the beam in (654) we obtain m = (5 + 2) — 
exons ae 

8 


{25 + = 1°5 foot from the weight, therefore 


2-1: 5=0: 5 foot, or 6 inches from the centre. 

As the distance of the weight from the centre increases, so 
does m increase, and it becomes a maximum when the weight is 
at the support, when z = (} L), and it then becomes m = (5 + 5) 
- {95+ BocboUs ‘ SiS She 4-227 feet from the weight (and 
the support), or 0-773 foot from the centre, 
which is equal to -773 + 5 = *1546 of the half-length of the 
beam. From this it appears that wherever a weight is placed, 
the point of maximum deflection can never be more than 0-1546 
of tho half-length distant from the centre. 

(657.) Comparing the curves A and B in the Diagram, Fig. 
213, we observe this remarkable fact; that the deflection at 
any and every point of a beam with « central load is greater 
than would be produced by that same weight at any other 
point: for example, the curve B = the deflection at evary point 
throughout the length by « given central weight, and A = tho 
deflection at the same point by the self-eame weight placed 
there. This of course is due to the fact that the beam is less 
strained by a weight ont of the centre than by the same weight 
in the contro, When strained at every point to the same 
extent, or in proportion to the strength, the deflections are 
given by the line 0. 

(658.) “ Laws of Deflection.” —The Deflection of beams varies 
very much with the methods of fixing and loading (667): to 
simplify the matter we may take as a Standard case, that of a 
horizontal beam, supported at each end and loaded in the 
centre: other conditions may be considered afterwards. We 
then have the Rules — 


(659.) 
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81,092,700 
27,672,000 
26,717,000 
27,028,500 
4491] 27,067,900 
*5614|27, 139,000 
+6737| 27,186,600 
18,600 
067,900 
27,754,700 
127,573,000 
27,895,000 
27,921,400 
Ey 00 


27,459,600 
| 127, 264, 200 


05,800. 
27,998,100 
}27,978,100 

















Limit of Elasticity” = 1858 Ibs.  Limtt of Elasticity” = 861 Tha, 
o ® © 2 @ © 
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Bans of Rourzp Waovent Inox. 


AsyRALED Inox. 


Length beeween mupports... 6-78 fet. Length between supports, 13°6 fet. 
Depth se x» = 1-037 inch. Depth os + s+ 17026 Inch. 
Breadth” 2222221 6510 tuchow || Breadth © 22 It bras inches 





Dee. Medutus ot {| _DeBectlon. Motulus of 


Ry Plasticity in Lbs. = Elasticity in Lda. 
Ex. . By Exe 
Potash L | por Square Inch, || EY TA, | cateutatd. | per Square Inch, 








“1978 | 28,718,200 
1953 | 28,020,000 
28,382,200 


27,910,000 


27,921,600 
28,382,200 


28,471,000 


27,717,200 70 "5 27,425,200 


27,740,400 


27,384,900 


26,870,000 
25,970,500 














“Limit of Elasticity” = 1722 Ibs. ‘Limit of Elasticity" 
@ ® 









































1-092 
1-192 
1-42 
1-302 
1-372 
1-512 
1-562 
1-662 
1882 
2-062 
2°302 
2-662, 
3-042 
3-732 
@ 








1/058 
1164 
1-217 
1-270 
1-375 
1481 
1534 
1:587 
1°698 
1°809 


| 1-868 


1°928 

1+987 

2-046 
@ 





80,182,700 


29,672,200 
29,254,100 
29,210,000 
29,435,800 
29,594,800 
29,398,600 
80,223,700 
29,594,800 
20,620,000 
28,788,100 
27,858,200 
26,452,400 
24,470,000 
21,852,200 
19,692,200 
15,580,000 


® 


‘Suni with 1934 Ibs: Mip = 7432 Ibs, 
Calculated * Limit of Klasticity” = 1487 Ibs. 























‘Sank with 1450 Me: My = 6666 Iba 
“Limit of * Elasticity” = 1223 tba. 
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Deriecrion of Sree: Bars, 44 feet long. 


Brows and Co." Brown and Co.'s 
3 ‘Best Cast Stoel for Chinelas 
Har 0°97 Inch Square, 





Medtuiun of 
Caloasted | ase be, 


"1475 | 26,787,100 
81,415,200 +2950 | 28,688,100 
92,144,500 “4426 | 28,874,400 
82,047,900 *s900 | 28,968,800 
82,222,100 || ~ “7875 | 28,799,600 
31,875,700 || ~ +8850 | 28,626,500 
91,859,400 1-0825 | 28,767,700 
81,347,200 1-180 | 28,648,500 
82,852,500 || 1+ ise | 28,544,900 


19,355,300 



































Seenk with 1150 be. Mp = 


™ Limit of Elaaticlty ™ = 1136 Ibe. 





(661.) 


(662.) 
(663.) 


(664.) 


In which W = weight or load in Ibs., tons, &c., dependent on 
tho value of 0. 
d = depth, in inches. 
breadth, in inches. 
length between bearings, in Feet. 
deflection, in inches, 
C = Constant derived from experiment, in Tbs. 
tons, &e, ; 


(665.) The mean value of C for most ordinary Materials ix 
given by col. 4, &c., of Table 105. Table 64 gives in col. 6 
the mean value for 54 different kinds of Cast iron = - 00002886. 
Table 106 gives the result of experiments on the Deflection 
of wronghi-iron bars by Mr. Hodgkinson; cola. 8, 3, 8, 3 
having been calculated by Rule (659), the value of © being 
taken at ‘00001565 from col. 4 of Table 105: thus for tho 
bar in which L = 18-5 fect, d = 1-515; b = 6-523, and say 
W = 112 Ibs, wo obtain 3 = a ed 
= 02246 inch deflection, as in col. 8 of Table 106. Col. 3 of 
Table 70 has also been calculated by this rule: col. 4 shows 
very clearly the effect of defect of Elasticity, the Ratio rising 
from 1-0 with light loads to 13°13 with Breaking-down load. 

Table 107 gives the result of Mr. Fairbairn's experiments on 
the deflection of Steel; cols. 8, 8, 3, 3 have been calculated by 
Rule (659), the value of O being taken at -00001433 from eol. 4 
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of Table 105; thus for the bar in which L = 4-5 feet; d = 
1-064; b = 1054, and say W = 1000 Ibs., we obtain 6 = 
4:5" x 1000 x +00001483 _ , pace ’ : 

— Fx To 1-058 inch deflection, as in col. 3 
of Table 107. 

(666.) Tuble 108 gives the result of epecial experiments on 
Blacnayon Cast iron; it will be found that with small loads, 
say up to 4rd of the breaking weight, the deflections will be 
given by Rule (659) with moderate accuracy, as shown by col. 7, 
but as the lond increasos the experimental deflections exceed 
the calculated ones more and more. This fact is due to defect 
of elasticity, leading to tho necessity for spocial Rules for Cast 
iron under heavy strains: this matter is fully considered in - 
(688). Col. 7 has been calenlated by Rule (659), taking the 
value of O for Blaenayon iron, at -00003183 from col. 6 of 
Table 64. Thus for the bar in Table 108, in which L = 18-5; 
d = 1-522; b = 8:066; and say W = 112 lbs,, wo obtain 8 = 
Oe Rv = 0°7987, oF soy 0°8 inch, de, a8 
in col. 7 of Table 108. 

Table 112 gives in cols. 2, 6 the deflections of two largo 
beams of American Pine from the experiments of Mr. Hdwin 
Clark; cols, $ and 7 give the calculated deflections by Rule 
(659). Taking the value of C by Tredgold’s experiments in 
col. 4 of Tablo 105, at *0002661 inch, we obtain for say 3653 Ibs. 

Oy 8 3 Ps 

= M2 BONS 20002601 _ 9-1582 inch deflootion, as in 
col. 3: experiment gave 0-15 in col. 2. It will be observed 
that up to the safe lond, say {th of the breaking weight (888), 
the deflections as calculated agree fairly with experiment, but 
as the load is increased, the actual deflections are more and 
more in oxcoss of those given by the ralo, this being due to 
defect of Elasticity (692), 

(667.) “ Effect of Modes of Fixing and Loading.”—Whon the 
deflection for the Standard case of a beam, having the load in 
centre and supported at the ends, is known by calculation ‘or 
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experiment, the effect of other conditions may be most readily 
found by the use of Constants: we then have the ratios— 


Beam supported at ends and weight in 

centre ve . deflection = 1-0 
Beam supported at onda, Toad | equally 

distributed all over .. = 
Beam built into walls, &e.,at cach ond, 

load in centre 
Beam built into walls, roe Toad ‘equally 

distributed all over . 
Beam fixed at ono end and loaded at 

the other ., = 
Beam fixed at one en oad’ qnally 

distributed all over . 4 . = 


In all these cases, tho weight is supposed to be constant. 
There is considerable uncertainty in the deflection of beams 
fixed at one end, arising from irregularities in fixing. 'This is 
shown by Mr. Fincham’s experiments, who found the ratio to 
vary from 18-6 to dd-5, the mean of 14 experiments being 28, 
whereas, the theoretical ratio, as wo have shown, is 32. 

(668.) “ Ratio of Round and Square Sections. —Theoretically 
a round bar deflects more than a square one in the ratio of 1:7 
to 1-0, the weight, &e., being the same in both cases, and this 
ratio should be the same for all materials. It is probable that 
this ratio is correct for light strains, but when the breaking 
weight is approached the conditions are changed, and the ratio 
of stiffness seems to change also: from the inadoquate expori- 
ments we have the experimental ratio is for wrought iron 1-6 
to 1:0, and for cast iron 1-5 to 1:0. 

* Caat-iron X Sections.”—When the top and bottom flanges of 
@ girder are equal to one another the theoretical Rule for 
deflection is 

(669) 8=1ex Wx ca {PX Bx) 


In which D = the total depth, B = breadth of flanges, and d = 
the depth between top and bottom flangos,b = breadth of flange 
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minus the thickness of the vertical web, all in inches; I, = the 
length of the beam between supports in fect; W = central load 
in tons, Ibs., &c., dependent on ©, the value of which is given 
by col. 4 of Table 105: col. 6 of Table 64, &c. 

“Old Rule."—The Rule commonly used, although not so 
correct in principle, will give results which agres better with 
experiment: this rule becomes 

(670) 8=1' x Wx 0+{D'x B)—(@x3}- 

“ Unequal-flanged Sections.” —In ordinary cases, the flanges of 
cast-iron girders are unequal, as in Fig. 79, which is the section 
of large girders experimented upon by Mr. Owen, whose results 
are given by Table 68, For such sections we have the Rule:— 

(671.) 

b=Lx Wx C+{D x B)—(@ xd) + [ap xh}. 

In which D = total depth, d = total depth minus that of the 
bottom flange, d, = the depth between top and bottom flanges: 
B = breadth of bottom flange, & = the breadth of bottom flange 
minus that of the top one, by = breadth of top flange, minus the 
thickness of the web, Thus in Fig. 79, D =.14,d = 14 — 1 = 
12}, dy = 11}, B = 19, b = 12 — 8} = 8}, by = 8} — 1 = QY: 
then taking C from col. 6 of Table 64 00002886, and W = 
say 7 tons, or 15,680 Ibs.,and L = 16 feet, we obtain § = 16* x 
15680 x ~00002886-+ {14 x 12) — (12}" x 8] + [11}* x 9p} 
='1349 inch deflection of a parallel beam, but in our case 
the flanges were bellied, a5 in Fig. 131, when the deflections are 
greater in the ratio 1°44 to 1-0 (701), hence 1849 x 1-44 = 
~1942 inch deflection. The experimental deflections were very 
variable, as shown by Table 68, ranging ia 11 specimens from 
*14 inch to +42 inch, or in the ratio 1 to 8. 

“ Cast Iron 1. and T Sections," —Wo found in (344) that the 
transverse strength of those sections depends on their position, 
being greator in L than in T in the Ratio 3-08 to 1-0 in that 
particular case. But the stiffness of such beams is the same in 
either position, as shown by Mr. Hodgkinson’s experiments : 
thus in Fig. 72, G and H were prsctically identical, and with a 
length of 6} feet the results were — 
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With 14 Th, the deflections were “062 iach and 025 inch. 
2 » 

3 y ” 

” ” 


2 


Showing almost perfect equality up to 112 Ibs., which is about 
4rd of the breaking weight in position T (364 Ibs.), but th 
only in position 1 (1120 Ibs.). The old Rule (670) will give 
the same deflection in either position : thus with Fig. 72, and 
‘W = soy 112 Ibe. we obtain 8 = 6}* x 112 x -00002886 + 
{ 1-55" x 5) — (1-25 x 4-64} = *1853 inch deflection: ex- 
periment gave «273 inch. 

(672.) * Wrought-iron I Sections."—The Rules we have given 
for cast-iron 1, T, and I sections will apply equally to wrought- 
iron ones, with the proper value of C, whick for Ibs. = -00001565 
by col. 4 of Table 105. Thus, with Fig. 154, by Rule (669) 
Dt = 10000, d* or 8]* = 5862, b = 4g — | = 4}, do, L* or 
18* = 5832, and with W = say 30} cwt. or 33,880 Ibs. we obtain 
2 = 5892 x 83880x -00001565 = 10000 43)-— (6853x441 = 


*1369 inch deflection: experiment gave - 16 inch. Table 73 
gives in col. 8 the experimental deflection of a scrics of rolled 
beams of ordinary equal-fanged sections: col. 9 has been 
calculated by Rule (669) and shows an orror of — 14 per cont. 
‘The old Ralo (670), althongh not so correct in principle, will 
give results which agree better with experiment ; col. 10 bas 
boen calculated by that rule; the mean error of the whole is 
+ 5 per cent. only. 

* Unequal Sections."—When the top and bottom flanges are 
unequal, as in Fig. 80, the most correct method of calculation 
will be to estimate from the bottom or the line N. A., as we 
found to be necessary in calculating the strength in (378): we 
then have the rale:— 

(673) 2= Lt x Wx -00001565+{ D*— '] x B) 


+(@-a) xb)+(d! x C}. 








“68. 
failed 











a | @ 


‘The values of D, @, d,, B, b, and ©, aro given by Fig. 80, and 
the rest as in (664). Figs, 89, 90 are sections of beams experi- 
mented upon by Mr. Fairbairn, the deflections being given in 
cols. 2,5 of Table 109. Thus in Fig. 89, with 885 Ibs., the 
Rule gives 


8 = 11" x 885 x -00001565 + { 7 — 6") x 23) 
+ (6° — -38"] x +325) + ( 38" x 4} = 04751 inch 


dofloction; exporiment gave -O4 inch, &e. Cols, 8, 6 of 
Table 109 have beon calculated by this rule, and show a fair 
agreement with experiment: the calculated deflections with 
Fig. 89 show an error of + 11-9 por oont., and of Fig. 90, 
+ 2-8 per cent.: the mean of the whole being + 6*4 per cent. 

It is remarkable that this rule applied to sections with equal 
flanges does not give satisfactory resalts: col, 11 of Table 73 
has beon calculated by it and shows 4 mean error of + 42 per 
cent. ; whilo Rule (669) gave — 14, and Rule (670), +5 por 
cent. In order to render Table 73 directly availablo for 
practical purposes, we have giver in col. 18 the experimental 
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deflection for each section by 1 cwt. in the centre of a beam 
1 foot between supports, and as tho deflections are simply 
Proportional to the cube of the length and the weight, we have 
the Rule :-— 

(674) $6=T,xVxW. 


In which T, = the Tabular number in col. 13; L = length in 
feet; W = weight in owts.; and § = deflection in inchos. 
Thus with No, 6, say L = 20 feet; W = 35 cwt.: thon wo 
obtain -00000289 x 8000 x 35 = 0-6692 inch deflection: ox- 
periment gavo § inch, col. 8. 

(675.) * Wrought-irow T Sections," —This form of section in 
wrought iron should alwaya be loaded with the top flange 
uppermost in the ordinary case of a boam supported at both 
ends, for reasons given in (377), we must then caleulato the 
deflections by measuring the depths from the bottom or from 
tho line N. A. in Fig. 132, and wo havo tho Ralo:— 

(676.) 

3 = Lt x W x -00001565-+{ D' — @’) x B)+(@ xb}. 


Tn which the values of D, d, B, b, are given by Fig. 182 and 
the rest ax in (664). Thus, Fig. 87 is the soction of a bar, 
which with a length of 10 feet, deflected } inch with 2 owt. in 
the esntre : then the Rule gives § = 10° x 224 x -00001565 + 
{24 - 21] x 24) + (21 x 3} = 0°2859 inch dofloction: 
experiment gave 0-25 inch, &c, Table 71 gives in col, 11 the 
experimental deflections of a series of T iron bara: col. 12 
has been calculated by the Rule. 

When the depth is equal to the breadth and the thicknoss is 
thé same all over, the rule becomes 


(677.) 8 = Lt x W x 00001865 + (D — a’), 


In which tho soction A is regarded as composed of two bars 
B, O, a3 in Fig, 70, which is not strictly correct, as explained in 
(387), a more correct rule would be :— 


(678) =x Wx ooooises + (P= < 
25 





The effect of the two rules may be shown if wo take 
Fig. 182, and calculate the deflection by both, for say 
1844 Ibs, with  longth of 10 feet. ‘Thon Rule (677) be 
St — 24) = 0-5008 
deflection, By Rulo (678) we obtain 2= 10" x 1844 x 
Ey 


“00001565 = 0°4341 inch deflection, 
Taste 110.—Of the Derrecrioy of Routan Waovgat-rox T Beans, 


1 foot long, with a weight of 1 cwt. in tht Centre, the flange being 
‘uppermost, 


| ‘Thickness all over. 


Depth 
of Mean 











“900208 |-0002247, 
000152 |0001097, 
= |, 000818) +0000529 | 


Table 110 gives the deflection of Standard sizes of T iron 
burs 1 foot long, with a load of 1 ewt. in the contre, calculated 
by the Rule :— 


(679.) 8 = 001778 + (Dt —d). 


The deflection for any ond and length may be easily fonnd 
from Table 110 by the Rulo (674): thus,a T bard x 4 x Linch 
thick, 20 feet long, with 10 ewt, in the contre, will deflect 
-00001678 x 8000 x 10 = 1°34 inch, &e. 

(680.) Deflection of Wrought-iron Lattice Girders."—The de- 
flection of lattice girders may be calculated from elementary 
principles. To do this with scientific accuracy is a difficult 
mathematical problem, bat we may obtain approximately correct 
results by ordinary roasoning and common arithmetic, 
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Ina lattice beam the strength is almost entirely in tho top 
and bottom members, and the deflection of the beam arises 
from the alteration in length which thoso members snffer by 
their respective strains:—in the caso of a beam supported at 
the ends and loaded in the centre, the top suffers a crushing 
strain and becomes shorter, while the bottom bears a tensile 
strain and becomes longer. If we know the respoctive strains 
we may calculate the corresponding extension and compression 
—and knowing these wo can calculate the deflection of the 
beam. Lot A in Fig, 188 be a beam doflected by a transverse 
strain to the form shown :—for ordinary cases in practice in 
which the deflections are very small compared to the length of 
the beam, we may admit that the difference in length of the 
top and bottom members arising from the deflection is equal to 
the sum of B and ©, and knowing one, say ©, we may calculate 
G, F, which is groater than C in the ratio of D, G to D, E, or in 
other words the ratio of half the length of the beam to its 
depth, D, F being perpendicular to D, E and a tangent to the 
eurve D, Hat the point D. Having thus found G, I, we may 
easily calculate G, H, or the deflection required, for the curve of 
the beam approximates to a parabola, and it is # principle that 
the height of a parabola J, K in Fig. 189, is always half the 
distanco J, L, L boing the point in the axis where a tangent to 
the baso of the parabola at M, cuts the axis. Returning to 
Fig. 188 we thus find that the deflection sought, G, H, is oqual 
to half the distance G, F. 

(681.) ‘The application of all this will bo bost illustrated by 
& case in practice worked ont in detail. Woe will take the case 
in (446) of a lattioo girder, Fig. 155, 32 fect hetwoon supports, 
loaded in the centre with 4 tons, the section being as shown by 
Fig. 141, the top is formed by two angle-irons 4 x 2} x 4, 
whose united area = 6 square inches, the rail R gives 1-6 
square inches more, making the total area of tho top = 7-6 
square inches. The bottom, formed of two angle-irons 
2) x 2) x 4, bas an area of 4:5 square inches. 

(682.) In calculating the deffection from these data, we have 
first to find the strains on the top and bottom members of the 
girder ; these are equal to one another in all cases, hut are not 

232 
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uniform from end to cn Fig. 155 shows that the strain is a 
maximum at the centre and diminishes to nothing at the sup- 
ports, in an arithmetical ratio. The sum of all the strains in 
the top or bottom is 128 tons, and the number of bays being 16, 
we obtain 128 + 16 = 8 tons as the mean strain from end to 
end, ‘Tho same result may be attained thus:—4 tons in the 
centre is equal to 2 tons on each support, the half-length of the 
beam being 16 feet and the dopth 2 feet, the maximum eentral 
strain is 2 x 16 +2 = 16 tons, and the mean strain from end 
to end 16 + 2 = 8 tons, as before. 

(688.) Now, this strain has in the case of the top to be borne 
by 7-6 square inches, hence it is equal to 8 + 7-6 = 1°05 ton 
per square inch compressive strain, and the length of the bar 
being 384 inches, and the compression *0001 per tom by col. 4 
of Table 98, we have 0001 x 1:05 x 384 =-04082 inch as the 
reduction in length of the top due to the compressive strain. 
Then, in the bottom flange, 4°5 square inches bear 8 tons, or 
8+4-5 = 1:78 ton per square inch; by col. 6 of Table 96 
the extension is «00008 per ton, hence we get “00008 x 1-78 
884 =-05468 inch as the extension of the bottom by tensile 
strain. Adding these together, we obtain -04082 + -05468 

='095 inch for the difference in the length of the top and 
bottom : arising from the strains on them, or the sum of B and C 

Fi and as these are equal to one another, and we 
require only one (say C), we have *095-+ 2 = ‘0475 =O, 
from which we get G,F = -0475 x 192 + 23 = -892 inch, 
aa hence G, H, or the deflection sought, will be +392 = 2 

i 6 experimental deflection of a girder with 
oportions and load was roughly monsured as } inch bare. 
be observed that the effective dopth of the girder is the 

the centres of gravity of the top and bottom 


Tubelar Brilges” ho approximate 

xplained and illustrated is not intended to 

le more precise modes of calculation, such as large and 
portant works may demand, still we may obtain by it mode- 
rately correct rosults, We will take the case of the well-known 
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Conway Tube, 400 fect botwoen supports, the experimental 
deflection of which was 8°05 inches with 301 tons near the 
centre. The depth at the centre of effort or the centre of gravity 
of the cells (449) was 22} feet at the middle, and 20} feet at the 
ends, the mean being 21} fect. The area at the top was 614, 
and at tho bottom 460 square inches (tuking a mean betwoen 
tho central and end areas). Then 301 tons in the contro 
= 150-5 tons on each support, hence we have 150-5 x 200 
21-5 = 1400 tons central maximum strain, or 1400+ 2 
= 700 tons mean strain from end to end on both top and 
bottom. 'This is equal to 700 + 460 = 1-525 ton per aquare 
inch tonsilo, and 700 +614 = 1-14 ton per square inch com- 
pressive strain. Tho extension will then be -00008 x 1-535 
x 4800 = 5846 inch, and the compression -0001 x 1-14 
“S472 inch. The eum of the two (B+ C in 
*5846-+°5472 =1-1818 inch, hence C=1°1318 — 
=*5659 inch, G, F=-5659 x 200+20-75=5- 454 inches, and 
G, H, or the deflection sought, 5-454 + 2 = 2-727 inches, 
which is 3°05 — 2-727 = -323 inch less than by experiment. 
(685.) “ Deflection of Plate-iron Girders.”—The deflections of 
plate-iron beams may be calculated on the same principles as 
thoze of lattice girders. We will take the case of a beam ex- 
perimented upon by Mr. Fairbairn, and shown in section by 
Fig. 133, the length between supports was 20 foct, and the 
deflection with 3 tons in the contre was 0°17 inch, With 8 tons 
in the centre we have 1°5 ton on each support, and the effective 
depth (449), or the distance between the centres of gravity of 
its top and bottom members being 14-5 inches, the maximum 
contral strain becomes 1-5 x 120 + 14-5 = 12-4" tons, or 
6:2 tons mean strain from end to end. The area of the top was 
4-565 square inches, hence we have 6-2 + 4°55 = 1-362 ton 
per square inch, the compression due to which is -0001 x 1°362 
x 240 = +0327 inch. The aren of the bottom flange being 
2-4 square inches, we get 6-2 2-4 = 2-584 tons per square 
inch, and the extension -00008 x 2-584 x 240 =-0496 inch. 
The sum of the two ix +0327 + +0496 = -0823 inch, and the 
deflection (+0828 x 120) (14-5 x 4) = 17 inch, or precisely 
as by experiment. 





In order to facilitate calculation, wo may put the precediny 
analytical method into the form of a Rule, which becomos:— 
W x F x-000001568 Wx Fc -00000125 | 

xs axB 


anes gross area of the top in square inches. 
=» area ofthe bottom in  ,, 
length of the beam between supports in inches, 
d = offctive depth (between centres of gravity) in 
inches. 
W = Weight in centre in tons. 
6 = Deflection in inches. 


Thus, taking the case of the girder in tho last example, we 
have . 


(686) 3= 


8 x 240° x +000001563 | 8 x 240° x -00000125 
ee Coke O:. Tab x 455 
="17 inch, as before. 

(687.) By this rale col. 6 in Table 76 has been calculated. 
Tho deflection of any of the girders in that Table, with any 
weight less than Jrd of the broaking woight, may be found by 
Rule (674), namely, by multiplying col. 6 or 7 by the cube of 
the length in foct between supports, and by the given weight in 
tons. Thus, for Fig. 105, say 20 feet long, with 20 tons 
all over, will deflect -000001981 x 8000 x 20 = +309 inch. 
With tho same weight in the centre the deflection would be 
-00000309 x 8000 x 20 = -4944 inch, &e. It should be 
observed that this rule supposes the girder to be of uniform 
sectional area and depth from end to ond, and any departure 
from those conditions must be allowed for. 


DEFECT OF ELASTICITY IX BEAMS. 


(688.) We have so far assumed that beams are perfectly 
elastic, that is to say that the deflection is simply and exactly 
proportional to the weights. But if the suecessive deflections 
of a bar, say of cast iron, with equal increments of weight, be 
very carcfully observed, it will be found that every successive 
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weight produces a greater deflection than the one preceding, 
and that the departures from uniformity increase nearly as the 
squares of the weight applied. This is shown clearly by 
Table 111, where the load is divided into 20 parts, and the 
Ratio of the deflections of Cast-iron beams is given by col. 2, 
while those of Timber aro given in col. 6. These Ratios wero 
obtained by a Diagram (Fig. 216), in which the experimental 
deflections were plotted, and the irregularities equalized by a 
curve, In cols 3 and 7 the deflections are assumed as sup- 
posed to be due with perfect elasticity, and in cola 4 and 8 the 
dofect of elasticity ia given on the hypothesis that it varies ag 
W* Woe hare thus obtained cols. 5 and 9, comparing which 
with cols, 2 and 6 thoy will be found to agree vory woll up to 
about half the breaking load, boyond which they become 
irregular. This, however, is unimportant, as in practice beama 
of Cast iron are seldom loaded above } and Timber ones } or 
4th of the breaking weight. 

The effect of defect of elasticity is shown by Table 108 also; 
with perfect elasticity the deflections would have been simply 
proportional to the load, as in col. 7, but col. 4 shows that thoy 
inerease more rapidly than the weights throughout. But, with 
loads not exceeding jrd of the breaking weight, the departures 
from uniformity are not great, and within that limit, the 
ordinary rules are correct enough for practical purposes; 
whero, however, great exactness is necessary, they require cor~ 
rection. Fora bar 1 inch square and 1 foot long wo have the 
Rule:— 

(689.) 2 = (-00002397 x W) + (-000000006827 x W:). 


In which W = the weight in centre in Ibs., and ¢ = deflection 
in inches. 

‘Thus, the mean strength of British Cast iron by col. 7 of 
‘Table 64 is 2068 Ibs. breaking weight, and by col. 8 the mean 
deflection =-0785 inch. With } of that weight, or 687-6 Ibs, 
the deflection by col, 11 = -01971 inch. 

By rule (689) we get with 2063 Ibs., 3 = (00002897 x 2068) 
+ ("000000006827 x 2063*) = -0785 inch, and with 687-6 Ibs., 
8 = (-00002397 x 687-6) + (-000000006827 x 687-6") =~ 








way. | Mae 


"0278 +0270 + *0008 “0247 + 0004 = -O251 
“0578 |-0540 + *0032 5 
70888 |-0810 + “0072 
“1210 |+1080 4 -0128 
“1546 |-1350 4 -0200 
“1898 |-1620 4 -0288 
"2268 |-1800 4-032 
+2653 
+3070 
-8506 
73068 
“A158 
“A978 
+5830 
“OT 
“OT 
1 4590 + “2312 
i 4860 4 “2502 
+9000 |+5180 4 “2888 | 
1°0000 + “32 H “ADO + 1790 = eran 
o @o o 





























5 
he loads aro in the ratio 1 to 3, the deflections are 

in the ratio 1 to “0785 + -01971 = 3-983, or nearly 1 to 4. 
With any other dimensions for rectangular bara we have the 


ax 


2xLx*' or0Onor (Cao 000000006827) _ 


Bb 


In which L = length botwoon supports, in foot; d = depth in 
inches; b = breadth in inches; and = the constant for the 
thicknoss of metal, as in (934) and col. 7 of Table 18, 
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By this rule col. 5 of Table 108 has been calculated. 
the weight W in tons, and the rost as before, the Rule be- 
comes :— 

(691) 

W+ex 1? x +05369 W +2)? x Lt x -03126 
t= + ae y+ (6 eee =). 

{692.) “Wrought Iron."—The elasticity of wrought iron is 
very much more perfect than that of cast iron, as we found by 
its behaviour under tensile (620) and compressive strains (626). 
Table 106 shows the same result under transverse strains, the 
deflection in cols. 2, 2,2, 2 being nearly in the simple ratio of 
the weights up to the limit of Elasticity,” or half the breaking- 
down load (see Table 67). We may therefore admit that cer- 
tainly within that limit the deflections are given accurately by 
the Rules. 


Tape 112.—Of the Derurcrioy, &c., of Two Brams of Awenicas 
Rrp Prse, 12 inches square, 15 feet long, 
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But with strains beyond that limit defect of elasticity mani- 
fosts itself very clearly, as shown by col. 4 of Table 70. Thus, 
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Mine M, = 2000 Ibs, from col. 5 of Table BeBe eee 
= 1s" x 1) x 2000+ (8 x 112) = 20 ewt. as the “limit of 
mouaes up to which point, by col. 4 of Table 70, the de- 
floctions are nearly ax calculated for perfect Elasticity; but 
with heavier strains the Ratio progressively rises, becoming 

finally as mach as 13+13 with the breaking-down load. 

“ Steel."—The tranaverse elasticity of Steel is more perfect 
than even that of wrought iron, as shown by Table 107, the 
deflections being simply proportional to the load, and thar 
fore the Modulus of Elasticity constant up to the “limit of 
Elasticity,” or ths of the Breaking-down load. 

« Timber.”"—Timber beams have very imperfect elasticities, 
as shown by cols. 4, 8, in Table 112, the value of the Modoles 
of Elasticity falling off regularly as the load is increased. The 
constants for the deflection of Timber in col. 4 of Table 105 
wore for the most part obtained with {rd to }th of the breaking 
weights, and tho Rules (658), dc. will be correct enough for 
practice within those limits, 


DEFLECTION WITIH SAFE LOAD. 


(698.) Tt is oxual in practice to make the Working or Safe 
load on beams a certain Standard fraction of the breaking weight 
by the use of a “ Factor of Safety” (880); in that caso, the 
ordinary Rules (658), &e., admit of certain modifications by 
which calculations of the deflection may be simplified very con- 
sidorably. 

By Rule (659) it is shown that the deflection of a rectangular 

3 

beam of any material is proportional to ™).*¥': now if with 
the samo beam we take lengths in the ratio 1, 2, 3, éc,, obviously 
the transverse senate, or the load W, would vary in inverse 
1, dy 45 kon and with those 
= to W x L') become 1x 1* 
yx d= 4; } x 3 = 9, &c., which aro in the direct 

ratio of teh of the lengths. 

Then, with depths d in the ratio 1, 2, 3, &c., W would be in 
the ratio of the square of d, and become 1°, 2, 8°, or 1, 4,95 
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the deflections being proportional to We become f= 1: 0; 


= =}; u = 4, &e.; or inversely as the depths simply. 


Then for breadths in the ratio 1, 2, 8, &e., W would vary in 
the ratio 1, 2, 8 also, ma tho defections being proportional to 


W become + = a 0;2=1-0; g=1-0; being the same inall 


cases, showing that the San with safe load is independent 
of the breadth. 

(694.) From all this wo got the general law that with similar 
beams, all loaded in proportion to their strength, the deflections 
are proportional to the square of the length, divided by the 
depth, and are independent of the breadth. This is true for all 
sections, whether circular, square, girder-sections, &e., so long as 
the beams compared are similar and are loaded to the same extent 
in proportion to their Foote We: then haye the Rules :— 


(695.) 


To which L = length of beam between eatin in foot: d= 
the depth in inches: ¢ = deflection in inches: and C = 
constant for the material, mode of fixing, loading, &e. 

There Rules may be applied correctly to beams or girders of 
all sections, whether parallel from end to end, or with bellied 
flanges, also with any mode of fixing, any method of distributing 
the load, and any material, so long only as the Constant C is 
adapted to all the circumstances of the case. The effect of 
defect of Elasticity (688) is ulso covered by these rules, because 
the value of is supposed to have been found by experiment 
from beams loaded to a certain degree in proportion to their 
ultimate strength, and will therefore apply without correction 
to all beams similarly loaded, &e., &e, 

(696.) The most usefal values of C are G, for the Safe Lond, 
and O, for the Breaking Weight, giving §, and 8, or the deflec- 
tions with Sefe and Breaking loads respectively. Table 64 
gives theso values for 54 varieties of British Cast iron, the mean 
for O, being -01971, or say -02, by col. 11; and for O, ="WWs 





380 BEAMS: DEFLECTION WITH SAFE LOAD. 


by col. 8. Tuble 67 gives, in cols 2 and 4, the values of C, and 
Cy for many materials, theso being in fact the deflections of a 
bar 1 inch square and 1 foot long with the Safo and Breaking 
Loads respectively: in that particular case, C, and C, are identical 
with 6, and dp. 

It will be observed that the values of O, and C, for the two 
Standard cases, are not simply proportional to the load, or 
“Fuctor of Safety." In Table 67, col. 7 gives the Pactor of 
Safety, and col. 8 the ratios of the deflections with Safe and 
Breaking loads respectively: thus with Cast iron the ratio of 
the loads is 3 to 1 by col. 7, but the ratio of the corresponding 
deflections is 4 to 1 by col. 8: again with Ash, the ratio of the 
Loads = 5 to 1, but the ratio of the deflections = 10-7 to 1-0. 

Thus, a beam of Ash, say 15 feet long, 7 inches deep, 3 inches 
wide, would give for the bresking weight by Rule (324), the 
Value of My for safe load being 136 Ibs. by col, $ of Table 67, 
W=7? x 8 x 186 + 15 = 1333 Ibs, the deflection with which 

5 + 
by rule (659) is 9 = 19% 1208 > “00086 _ 1-13 finch de- 
floction with safe Iond. Now applying Rule (695) and taking 
©, from col. 4 of Table 67 at +0354, we obtain 3, = 15° x -0354 
+7 = 1°18 inch deflection, as before: but with the breaking 
weight 3, = 15" x °375 12 inches deflection, &e. 

Again, with a bar of Cast iron 3 inches desp, 4 inches wide, 
and 11 fect long, taking My for safe loud = 683 Ibs. from 
col, 10 of Table 64, Rule (324) givos W = 9? x 4 x 688 

5s (2S » lond, with which Rule (659) gives 


0002856 _.§ inch deflection. = Rale 


have here taken the deflection per Ib, = 
6 of Table 64, or col. 4 of Tuble 105. 
the same bar with the Breaking weight 
becomes 4, +0785 + 8 = 3:17 inches, 

But the: los neod not be restricted to 4, and 35, but will 
ly equally well to any standard fraction of the breaking 
ht, so long as the great principle is maintained, that the 

beams compared shall be loaded always in some given and 
constant proportion to their strength, Thus for Wrought iron 
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and Steel, we found (874) (376) it convenient to take the 
“limit of Elasticity” and the “ Working Safe Load” as data: 
then putting 6, and 4 for the deflections with those strains, we 
have for Wrought iron, the Rules :— 

(697.) te = L? x -085-+d. 

4, = LT? x +0285 + 
For Steel these Rules become :>— 
(698.) & = Lt x 0802 +d. 
8, = L? x -0481 4 
Thus, with a wrought-iron bar 2 inches deep, 4 inches wide, 
and 12 feet long, taking from col. 5 of Table 66, My = 1500 Ibs. 
for the safe working load, we have by Rule (324) W = 2* x 4 x 
1500 + 12 = 2000 Ibs., with which the deflection by Rule (659) 
2 x 9 iy 
becomes 3 = TEs SO toons = 1°69 inch. By Rule 
(697) wo have 2, = 12" x -0235 +2 = 1-69 inch also. 

Again: with a Steel bar 1} inch deep, 5 inches wide, and 
10 feet long, the load by which tho bar will be strained to the 
“limit of elasticity " will be W = 1}* x 5 x 5600+10 = 
6300 lbs. with which the deflection by Rule (659) becomes 

"i 
y_ 1x ae ne = 5°85 inches, By Rule (698) 
we obtain 3, = 10? x -0802 + 1:5 = 5-85 inches also. 

(699.) When the load is not in the centre, and when the 
beam is not supported at both ends as is assumed in the ordinary 
rules, the case is complicated, but by combining the data given 
in (431) and (667) the matter may be simplified. 


Ratio || Ratio | Hatto 
crm ee [ei 
= Losd. | thom, 


Supported at ends ood in the ene bo) 4 z 10 
tribute mp coal 1-0 t . 1-25 
Built into walla, &c., at both ends, toi Ae eg hae 

But nto wally got both end wif 

built into walls, cat on i = 
distribnted .. Ph in 1:25 
Fixed at one ead, loaded at the other.. | 1-0 u a0 
= Jond equally aia) = a a ee 
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Thus, for example, if the beam of ash in (696) had been built 
into walls at both ends, tho safo central load would have been 
1°50, or 50 per cent. greater, but the deflection with that in- 
creased load would have been 1-0, or precisely as before. 

Aguin: if the bar of cast iron in (696) had been fixed at ome 
ond, and the safe load had been equally distributed, that lead 
would be 0-5, or half only of its former amount, bat the deflee- 
tion with that reduced lond would be 6 times greater than 
before, and becomes *8 x 6 = 4°8 inches, ke. 

(700.) Again: say we require an Oak Bressummer to 
tho front of a house, the estimated distributed load being 
19 tons and the span 12 fect, the ends being built into the walls 
in the usual way. Say we try 12 inches square, then by col. 3 
of Table 67, My = 102 Ibs, for Safe load: then Rule (324) 
becomes W = 12 x 12 x 102 + 12 = 14688 Ibs, or 6°56 
tons for the ordinary case of a beam merely supported at ends 
and loaded in the centre; but by (431) in our ense, 6-56 x 8 
= 19°68 tons safe distributed load, or very nearly the actual 
load. 

Then, for the deflection, Rule (695) gives 8 = 12* x -O4 = 
12 = 0-48 inches for the deflection with safe load in contre, 
which by (699) becomes 48 x 1-25 = 0-6 inch deffection, 
whon the load is distributed and the onds built in, as in our ease. 
We havo taken the value of C, = *04 from col. 4 of Table 67. 

{701.) Although, as stated in (695), the value of ©, should 
strictly be adapted to the special section of the beam, we may 
with moderate accuracy apply the value for simple rectangular 
beams to ordinary girders, ut least where the beam is 
But when the flanges are bellied, as in Fig. 131, the deflections 
are about 40 per cont, greater than with parallel beams, as 
shown by Mr. Hodgkinson’s experiments, For ordinary parallel 
girders of cast iron loaded to 4 of the Breaking Weight, we 
have the Rule:— 

(702.) 3 =L' x ‘022d. 

For cast-iron girders reduced in section progressively towards 
the ends, or haying bellicd flanges, as in Fig. 191, the Rule 
becomes :— 





(703.) &=L x 027 +d, 


Thus, for the large girders in Table 68 and Fig. 79, the 
length being 16 feet and the depth 14 inches, with bollied 
flanges, wo obtain 6, = 16" x +027 + 14 = 0-4937 inch, the 
deflection with central safe Ioad. The mean breaking weight 
was 38°3 tons, or 38°3 + 3 = 12-8 tons Safe load, the nearest 
load to which in Tablo 68 is 14 tons, with which the mean 
deflection = +0525 inch; therefore -0525 x 12:8 + 14 = 
0°48 inch with safe load of 12-8 tons, &c,, or nearly as calou- 
lated by the Rule. 


CHAPTER XVI. 
ON TORSIONAL RLASTICITY. 


(704.) “ Methods of Estimating.”"—There are two ways of 
measuring torsional elasticity. Ist, by the angle of torsion or 
the number of dogrees of twist, that is to say, if the whole 
cirele = 360°, the amount of torsion would be expressed by 
the number of degrees of that circle produced ina long bar by 
a torsional strain. The other and more convenient method is 
to express the torsional elasticity by the descent of the end of 
the lover by which the twisting weight is applied ; this method 
is applicable to those casos only where the anglo of torsion is 
small, but as this is always the fact in practice, this is no 
objection. 

(705). It is necessary to observe that in this method of 
ostimating torsional elasticity, the descent of the straining 
weight is proportional to the square of the length of the lever ; 
thus in Fig. 173, we have a constant weight = 1, acting with 
loverages in tho rntio 1, 2, 3, it will therefore strain the bar D 
in those same ratios, and the doscent of the lever meamred at E 
will be 1, 2, 3 also, but measured at the points of application of 
the weight, as in our case, we obtain 1, 4, 9 for the ratios of 
the descent of the weight as in the figure, or in the ratios of the 
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+ 
square of the length of lever for 1*, 9, 3*, = 1, 
respectively. 

«Laws of Torsional Elasticity.”—Tho fundamental laws 2s 
determined by mathematicians may be expressed by the Rules:— 
For Circular Sections -— 

706. matt xtxW x32 

706.) =3-1116 x Rx M," 

Wxiltxix2 

C707.) M=3-iex Rx? 


For Square Sections, 


(708.) 


(709.) 


For Rectangular Sections, 
xix (#+h)x 8 
710. te— 
(710.) xx M 


_Wxl?x 3x (@ +b) xt 
(iL) M= SX er : 


In which R = mdius of circular sections in inches: § = 
sido of squaro: d and b = depth and breadth of rectangular 
sections: L = leverage in inches by which tho weight W in 
pounds acts in twisting the bar: 7 = the length of bar twisted 
in inches; M, = Multiplier for torsional elasticity derived 
from experiment: and 'T = the clastic torsion measured by the 
doscent of the weight in inches. 

By Mr. Bevan's experiments, the mean value of M, for east 
iron = 5,709,600 1bs.: wronght iron and steel were nearly equal 
to each other; a mean from eight oxperimonts on wrought irun 
and three on steel gave.M, = 10,674,540 Ibs. 

To determine the value of M,, say we find by experiment 
with a d-inch round bar of cast iron 60 inches long, with 
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W = 5000 lbs, and L = 24 inches, that T, or the doscont of 
the weight = 1°206 inch, then by Rule (707), 
My, = 3000 x 24 x 60x 2 | 5000 x 576 x60 x % 
* = 38-1416 x 2° x 1-206 ™ $1416 x 16 x 1-206 
= 5.701,000, the value of M, in that case. 

(712.) * Ratio of Stiffness of Round and Square Bars.” —Com- 
paring rules (707) and (709) we can find a general ratio for 
the torsional stiffness of round and square bars: thus, for 
4 inches diameter, R = 2 and by Rulo (707) wo obtain 
Fide x= 08979. For a 4-inch square bar, Rule (709) 
apg = “O2B4L; henco we havo -03979 + -02844 
= 1-7 to 1-0 = the ratio of tho stiffness of square and round 


P 6 
gives 7, or 


Taste 118.—Of Tonsioxan Evasticrry. 


Value of Cr 
Material. —_— 
Lite, 





Wrought Iron and 41 || Hornbeam .. 
Steel... | Lancewood ., 
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Lime-troe 
Oak, Engl 
Oak, Dantzie 

3) Pear-troe 
Ping, Memel 
Pine, American 
Plane-tree + 
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SS SSR88 288 

















bare. It is shown in (552) that the ratio of torsional efrength 
of aquare and round bars is theoretically 1-2 to 1-0; but by 
experiment 1-6 to 1-0. 
“ Practical Rules."—The theoretical Rules may be put in 
ao 





386 TORSIONAL RLASTICITY : PRACTICAL 2 
more convenient form for practical use on the large scale; they 
thon become :— 
(718.) For Circular sections :— 
xix W 
Tax G 
(714.) For Square sections :— 


Lixix W_ 
Sx O, x 1-7 
(715.) For Rectangular sections :— 
To xXtx@+hxW, 
xP x O,x 34 


In which D = diameter in circular sections in inches: § = side 
of square in inches: d and 6 = depth and breadth of rectangular 


T= 


sections in inches: ¢= length of bar twisted in feet: L = 
leverage in feet with which the woight W, in Ibs. or ewta, &e., 
acts in twisting the bar: T= tho descont of the weight in 
inches, due to the twisting of the bar: and O, = a Constant 
from experiment, the value of which is given by Table 113 a 
reduced from the results obtained by Mr. Bevan. 


To find the value of C, from experiment, the Rules 
become :— 


(716.) For Circular sections :— 
xix W 
Ee 
(717.) For Square sections :— 
Ou Te WE 
=a poibocen 
(718.) For Rectangular sections — 
0, -Exix(@+¥) xW 
+ PXP XTX EE 
(719.) We may now give some illustrations of the application 
of tho Rulos: say we take the bar considered before (711), in 
which D = 4; | = 5 feet; L = 2 feet; and W = 5000 Ibs. 


0, = 
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Taking the value of C, at 324 from Table 113, Rule (713) 
x 5 x 5000) 4x 5 x 5000 
mes, T= rx gh "256 x Bok = 7206 ined, 
the descent of the lever and weight due to the twist. 

For a square bar of the same dimensions, Rule (714) becomes, 

4x5x 5000... ; 

= ox SMXDT = 709 inch. We should obtain the 
same result if wo applied to this bar the rule for rectangular 
sections, for obviously a square bar may be regarded as a 

one with equal sides: then Rule (715) gives 
4x5 x (16 +16) x 5000 
T= Gx ux Rix dE 00 fash eae 

Again: say we have a Deal Plank 3 x 11 inches, 12 feet 
long, twisted by 2 cwt., with a lover 3 feet long, “Then taking 
C, from Table 118 at -034, Rule (715) becomes 

3 x 12 x (11' + 3!) x 2 wait, 
T= Tx 8 x “084 x g-4 = 9°76 inches, 
the descent of the lever and weight, 

(720.) Table 113 shows that there are very great differenoon 
in the Torsional stiffness of Materials: thus wrought fron haa 
no less than 606 8-82 = 158 times the stiffness of Deal, 
This is the more remarkable because by (571) and Table 84, 
the Torsional strength of say Yellow Pine and Wrought iron 
aro in the ratio 10580 + 328 = 32°25 to 1-0 only. Again; 
the Transverse stiffness of sny Memol Fir and wrought iron 
are by col. 4 of Table 105, in the ratio -0002223 + -O0001665 
= 18-5 to 1-0 only; whereas, as we have seon, the Torsional 
stiffness ig 158 to 1-0. This shows that wood is not adapted 
for torsional strains, at loast for cases whero stiffness is 


required. 

The Table 113 shows, also, that the torsional atiffiess of 
Wrought iron and Steel are equal to one another, although, as 
shown in (571), the torsional strengths are in the ratio of 2 to 3. 
‘The stiffness of wrought and cast iron is about 2 to 1, 


2a2 
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CHAPTER XVII. 
ON THE MODULUS OF ELASTICITY. 


(721.) “ General Principles."—The Modulus of Elasticity is 
the tensile force that would stretch a bar to double its primitive 
length, and is usually expressed in pounds per square inch of 
area of the bar. Say wo hud a bar 10 inches long of some very 
elastic material, which stretches 1 inch by 20 Ibs, per square 
inch; then obviously, to stretch it 10 inches, and thereby 
double the original length, we require 200 Ibs. per square inch, 
which is, therefore, the Modulus of Elasticity for that material. 
It is hero nssumed that the elasticity is perfect, or that the 
extensions would be exactly proportional to the strain through- 
out, which would not be strictly true with any known material — 
moreover, it is assumed that the bar would bear stretching to 
double its original length without rupture, which is trae with 
very few materials. The expression “Modulus of Elasticity” 
must be regarded as a conventional one, adopted for convenience 
of calculation, rather than as a statement of fact; thus, as 
applied to the bar we have just considered, it means that within 
cortain limits and with moderato strains, the bar would streteh 
stoth of its length for each pound per square inch, tensile 
strain. 

.) The Modulus of Elasticity may also be found from the 
ing which a bar experiences by a Compressive strain, 
in that caso the weight in pounds per square inch capable, 
theoretically, of reducing the length of the bar to nothing. Thus 
taking the same bar as before, say that a compressive strain of 
20 Ibs. per square inch on the bar 10 inches long was found by 
experiment to shorten it one inch, or to reduce its length to 
Y inches. Then evidently we require 200 Ibs. por square ineh 
to shorton it 10 inches, or to reduce its length to nothing, which 
again is, of course, not a statement of fact. 
‘Tho Modulus of Elasticity may also be found from the 
deflection of a boam strainod transversely by a known weight. 
It is well known that, with a beam supported at the two ends 





and loaded in the centre, the weight generates a tensile strain 
‘on tho lower fibres of the beam, which stretch and become longer 
than before. Similarly, a compressive strain is generated at 
the upper part of the section, which thereby becomes shorter than 
before. The combined effect of both is that the beam originally 
straight becomes curved or deflect, and we may then find the 
Modulus of Elasticity by the rule:— 


wx P 
Txbx@xi- 
Tn which B = the Modulus of Elasticity in pounds por square 
inch. 
b = breadth of rectangular bar, in inches. 


(724) E= 


jength betweon supports, in inches. 


deflection, in inches. 
w = weight in pounds producing that deflection, 


This rale assumes that the material resists extension and 
compression with equal energy, or that the Modulus of Exten- 
sion and Compression are equal, and without the knowledge 
that they are so, the result may be taken as giving mean of 
the two. 

(725.) When we proceed to find the Modulus of Hlasticity 
experimentally, by the extension, compression, and deflection of 
any matoridl, we find departures from the simple laws which 
we have so far assumed, which complicate the question very 
considerably. 

Ast. The Modulus, caleulated from deflection, does not agree 
exactly with those found by direct extension or compression. 
Qnd. So far as observations on wrought and cast iron enable us 
to judge, bodies yield more to compressive than to equivalent 
tensile strains, and as a result of this, the * Modulus of Exten- 
sion” is greater than the “Modulus of Compression.” 8rd. 
‘The elasticity of all bodies is more or leas imperfect, as mani~ 
festod by the extensions, compressions, &c., increasing in a more 
rapid ratio than the strains, the result of which is that the 
Modulus is not constant, bat is progressively reduced as the 





conidatiy altel by ihe doe ce a kee 
casting, small castings having a higher Modulus than Iarge 
ones from the same iron. We shall considér the effect of these 
facts separately. 

(726.) “ Modulus of Extension, Compression, and Deflection.” — 
Taking first the case of wrought iron, whoso elasticity when not 
overstrained is nearly perfect, and of which we have the most 
perfect experimental knowledge, we find that the Modulus of 
Elasticity calculated 

Ltn per Sa 


From the Extensions up to 8 tons per square inch (Table 96) = 25,000,000 
»  Compressions, 11, C » 98) = 22,400,000 
1. Deflections up tothe “Limitof Elasticity" |, 106) = 27,608,000 


It will be observed that the Modulus of Deflection, which we 
supposed (724) to be a mean between those of Extension and 


Compression, namely 25,200,000 Ibs., is in this ease considerably 
groator. 

With cast iron, the comparison is obscured by defect 
of olasticity (688), but we can eliminate the effect of this source 
of complication by taking for all the strains the same fraction of 
the breaking weight, say 4rd, and we then have — 


Lhe per Sq. In 
From the Extensions with 2} tons per square inch (Table $8) = 12,646,500 
»  Comprostions , 14 a Cw 
7 Deflection of "Linch bar, with th ard) ¢ 
breaking weight ui 


Here the Modulus of Deflection, so far from being an arith- 
motical moan between those of Extension and Compression 
(724), is much than either, 

(728.) The principal value of the term “Modulus of 
Elasticity” is its supposed universal application to all the 
strains to which materials are subjected, so that the extension, 
compression, transverse flexure of a beam, -and angular torsion 
of a shaft, &c., should all be calculated with the same constant by 
the use of appropriate formulm, and we should be able to reason 
on any particular strain with date obtained from another kind 
of strain. 
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(729.) We have seen, however, that this is only approximately 
true, and thus this distinctive sdvantage of the term “Modulus 
of Elasticity” is reduced considerably, in fact, it would be more 
correct to use the terms * Modulus of Extension,” “ Modulus of 
Compression,” and * Modulus of Deflection,” but the multiplica- 
tion of terms would be objectionable ; we shall thereforo retain 
the old general term “Modulus of Elasticity,” distinguishing 
the method by which it was determined, and to which alone it 
applies with absolute correctness, by charucteristic affixes; thus 
Ey, Ec, Ep will indicate the Modulus of Elasticity by Exten- 
sion, Compression, and Deflection respectively, 

(780,) The Modulus found by experiment for any particular 
strain may be applied, as we have seen, with approximate cor- 
rectness to other strains in the absence of more precise data, 
and this is very convenient in many eases. For instance, we 
have absolutely no experimental knowledge of the extension 
and compression of Timber, but experiments on deflection are 
very numerous, and , derived from theso may be used to 
determine the extension and compression approximately. 

(731.) “Differences in Value of By and Bo.”—Table 91 gives 
a collective comparison of the relative elasticity of Cast and 
Wrought iron under equivalent tensile anil compressive strains, 
and shows that at least with small strains those materials yield 
more to compression than to oxtension, and the effoct of this 
on the Moduli 1, and Ky is shown by Tables 88,89; 96, 98. 
Thus for Wrought iron with 1 ton per square inch Hy is 
28,000,000 Ibs., and E, is 22,400,000 Ibs.; similarly for Cast 
iron E, = 13,449,400, and E, = 12,844,000 Ibs. With Cast 
iron the case is affected by defect of elasticity, so that with 
strains greater than 2} tons per inch E, becomes the greater of 
the two. 

(782) * Effect of Defect of Elasticity.” —The elasticity of all 
bodies is more or leas imporfoct (688), and the effect of this 
fact on the Modulus of Elasticity may bo illustrated clearly by 
the cise of Cast iron, whose elasticity is very imperfoct (688), 
Thus by col. 10 of Table 88, E, is progressively reduced from 
15,695,200 Ibs., with } ton tensile strain per square inch, to 
9,223,500 Ibs. with 7 tons, which is nearly the mean breaking 
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(734.) The elasticity of wrought iron is practically perfect 
nearly up to the “limit of Elasticity” (692), and as a result, 
the Modulus of Elasticity is constant within that limit, This 
is shown by Tuble 96, where E, by direct experiment in col. 5 
is nearly constant up to 9’or 10 tons per square inch tensile 
strain, the soul] differences being due to errors of observation 
which are unavoidable, The mean value is given by col. 7 at 
28,000,000 Ibs, and as constant up to 8 tons, Similarly, 
Table 98 gives EK. nearly constant by direct experiment in 
col. 5, its mean value being given at 22,400,000 Ibs., and as 
constant up to 11 tons per square inch by col. 7. The same 
results are given by Table 106, whore Hp is nearly constant, 
up to the limit of Elasticity, the mean of the whole of the 
experiments up to that point being 27,645,000 Ibs, agreeing 
nearly with the mean Modulus 27,603,000 lbs. derived from 
general observations (726). Beyond the strains named, the 
Modulos falls off rapidly and irregularly, and is in fuct a 
question of fime, as roay bo inferred from the Tables, which 
show that with greater strains, the extensions, &., go on 
increasing even with constant weights. 

(735.) The elasticity of Steel is nearly perfect up to the 
“limit of Elasticity”:—we have no experiments giving the 
value of E, or E, but that of Ey is given by Table 107, and ix 
nearly constant with strains less than the “limit of Elasticity" 
as culonlated by the rule d* x b x 5600+L =. The mean 
yaluo of E, for cast steel calculated from the mean deflection 
in col. 4 of Table 105 by Rule (724) is 80,146,600 lbs. per 
square inch, col. 7:—that for shear steel being 31,169,000 Ibs. ; 
and it should be observed that these results were obtained from 
the deflections of bars of unwrought and untompered steel. 
With tempered spring stecl we may admit an elasticity prac- 
tically perfect, and that the Modulus is constant. 

(786.) The elasticity of Timber is very imperfect, and the 
Modulus of Elasticity very variable, as shown by Table 112, 
which gives the value of E, from two experiments by Mr. EB. 
Clark on American Red Pine: the Modulus of Blasticity By is 
in col, 4 reduced progressively from 1,712,350 Ibs. with jth to 
583,350 Ibs. with the breaking weight. The value of the 
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Modulos for the came kind of Timber is given by col. 7 of 
Table 105 at 1,623,450 Ibs., which is correct for strains up to 
the Safe load, or say }th of the Breaking weight (888). 

(737.) The effect of defective elasticity on the Moduli E,, 
E,, Ey is shown graphically by Diagrams, Figs. 214, 218, in 
which all the experimental strains have been reduced to free- 
tious of the Ultimate, or breaking weight,so as to render the 
results directly comparable with one another. If the elasticities 
wore perfect, all the lines indicating the value of the Modulus 
would have been horizontal, 

(738.) “ Effect of Size of Casting."—In searching for the 
Modulus ©, for cast iron, from the experimental deflection of 
square and rectangular bara of various sizes, another, and 
perhaps an unexpected complication is discovered: the modulus 
is found to vary considerably with the size of the bar, or more 
correctly with the least dimension, in the case of eee 
bars. We found in (982) that the transverse 
rectangular bara of cast iron is inversely proportional to a 
sizo of the casting, bars 1,2, and 3 inches square having specific 
strengths in the rutio 1, -7519, and -6364 respectively, and 
experiments have shown that the Modulus Bp is similarly 
affected. 

(739.) In order to show distinctly the effect of size alone, it is 
necessary to clear the subject from complications arising from 
the varying clasticities of different kinds of iron by selecting 
and comparing the experiments on one and the same kind of 

ly in size. Then again, to climinate the eflect 
ty (688), it is necosmry to bring the strains 


-or breaking weight, ‘This is done in Di 
1 where the Moduli given by Tables 114, 118, from the 
ts of Mr. Hodgkinson, on bars of different sizes, but 
» same kind of iron, namely, Blaenaron No. 2, are 
plotted to the same scale, and the actual strains being reduced 
to fractions of the breaking weight, the effects of the size of 
casting, defoct of elasticity on the difforent sizes, &e., are made 

manifest. This diagram shows 

(740.) Let. That the Modulus of Elasticity By decreases as the 
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‘strain is increased, or, is inversely proportional to the strain, this 
effect being due to defect of elasticity, for obviously with perfect 
elasticity the modulus would be the same for all strains, and the 
lines in the diagram would be horizontal and perfectly straight. 

(741) 2nd. That this decrease in the Modulus is in inverse 
arithmetical ratio to the strain, as shown by the lines being 
approximately straight ones. Of course there are considerable 
irregularities due to errors of observation (not necessarily errors 
of the observer), but the general result is that the lines are 
straight. 

(742.) 3rd. That the Modulus is inversely proportional to 
the size of bar, or rather to its least dimension, but not in 
arithmetical ratio; thus the line of tho 2-inch bar is not exactly 
midway betwoen those of the I-inch, and 38-inch, but much 
nearer tho latter, agreeing to some extent with the transverse 
strength, as shown by Table 142. 

(743.) 4th. That the differenee in the Modulus between 
castings of different sizes, but loaded to the same extent, varies 
directly as the strain, being a minimum with very smal] strains, 
and increasing progressively to a maximum with the breaking 
weight. This is shown in the diagram by the non-parallelism 
of the lines, which diverge from one another as the strain is 
increased:—tho line of the small bars being more nearly 
horizontal than those of the large ones, shows more perfect 
elasticity in the former, and that defect of elasticity ix more 
influential on the Modulus Hy as the size of the bar is 
increased. 

(744,) Sth, That in rectangular bars of unequal dimensions, 
the Modulus E, is governed potentially by the least dimension, 
rather than the greater, and does not differ materially from that 
of « sqnare bar of that least dimension. Thus, the bar 1 x 2 
bas practically the same modulus as the bar 1 inch squaro, and 
the bars 6 x 1} and $ x 1} ocenpy in the diagram the position 
of a bar 1} inch square or nearly so, not exactly, however, the 
6 x 1} bar being somewhat affected by the larger dimension, 
which reduces its modulus below that of the 8 x 1} bar. 

(745.) The straight lines F, G, H, J are intended to equalize 
the anomalies of the experiments and represent approximately 
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the mean Modulus EK, for the different sizes of No. 2 Blaenavon 
cast iron, and from them wo have obtained Table 114, whieh 
gives the combined effect of size of casting and defect of 
clasticity or ratio of the strain to the breaking weight, on the 
Modulus of that particular iron. 


Taste 114,—Of the Mopunvs of Exastiorrr, b fees Deflection, Ef é 
Cast-1nox Bans, showing the effect of Size 
of Stain to the Breaking Weight. 


Least Dimension of Rectangular Bar. 





Batio 
of Strain to Line. 44 Tach. 2 Inches. | 3 Inches 
Breaking 
Weight. 





Modulus off Elasticity in Lyn per Square fnieb. 





15,555,000 | 15,000,000 | 14,625,000 

15,000,000 | 14,400,000 | 14,000,000 

14,445,000 | 18,800,000 | 18,376,000 

18,885,000 | 13,200,000 | 0 

13,330,000 | 12,600,000 11,383,000 


12,000,000 10,067,000 
11,400,000 
10,800,000 
10,200,000 
10,555,000 | 9,600,000 
10,000,000 | 9,000,000 
| | 





0 apples atriety W Blaenavon No. 2 irom only. 


(746.) The effect of size of casting on the Modulus B, is also 
clearly shown by Table 118, whore 1, 2, and 3-inch bars are all 
reduced to one standard for the purpose of direct comparison. 
‘Taking for illustration from col. 5, the game load on bars of all 
three sizes as nearly as poasible, say 1210 Ibs. for 1-inch bars, 
giving E, = 11,767,600 Ibs. by col. 4: for 1212 Ibs. on reduced 

i 9,804,260 1bs.; and for 1260 Ibs. on reduced 
S-inch bars, Ey = 7,995,000 lbs, &c., thus showing a great 
reduction as the size of the bar is increased. 

The effect of defect of Hlasticity on the Modulus Ky is also 
clearly manifested with bars of all sizes, by the almost perfect 
regularity with which its valuo falls off as tho strain is pro- 
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gressively increased up to the breaking load, when the 1-ineh 
bars give 9,738,700 Ibs., the reduced 2-inch, 8,412,600 Ibs.; and 
the reduced 3-ineb, 7,614,440 Ibs; soe (769). 

(747.) The Diagram, Fig. 218, gives a general comparison of 
the three Moduli, namely, of Extension E,, Compression E, 
and Deflection Ep, all reduced to one uniform standard series of 
strains from 0 to the breaking loads increasing by ,\;th. 

Tt will be obscrved that E_ and KE, are nearly parallel to each 
other up to 4rd of tho breaking weight, although tho actual 
compressive strain is then about 6 times the tensile. Beyond 
the strain of 4rd the modulus of Extension 1, continues to 
decrease with great regularity up to the breaking weight, but 
in an intreasing ratio, as manifested by the line being curved, 
The line of Ey is remarkable, falling off at first in nearly 
arithmetical ratio so far as ithe the breaking weight ax ia 
duo with perfect clasticity, after which the Modulos docrosses 
very rapidly up to about ~547 of the Ultimate weight, and then 
returning nearly to its first rate of decrease. But it should be 
observed that beyond "547, we have no experimental evidoneo, 
and that the results are based on assumed corpressions obtained 
by plotting all the experimental compressions in a Disgram, 
Fig. 215, and continuing the curve by jodgment up w the 
Crushing strain. They are therefore more or less problematical 
and of ancertain accuracy, but it will bo obvious from inspection 
that if the experimental curve were continued st its normal 
rate up to the breaking weight, the Modulus E, would be 
roduced to nothing, which is manifestly incorrect, and indeed 
absurd (722). 

(748.) The values of Ey and E, were determined from bara 
1 inch square, they therefore are strictly comparable with the 
value of E, from bars of the same size only, and we then find 
that instead of being intermediate between E, and E, a# might 
have been expected (727), it in for all strains greater than 
either: hence it ia expedient, whenever practicable, to uso the 
particular Modulus adupted to the case, having been derived 
from similar cases, Thus, whon tho extensions are required, 
B, should be used ; for compressions E,, and for deflections B,, 
taking care, whore scouracy is desired, to use the Modulus 
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specially applicable to the ratio of the strain to the breaking 
weight, kind of iron, and sizo of casting. It ix advisable to 
adopt this course, not only with such materials as cast iron and 
timber whose elasticity is vory imperfect, bat aleo with the 
most perfectly elastic materials, such as wrought iron and steel, 
as may be seen by (726). 

(749.) We may now give some illustrations of the application 
of the various Moduli B,, B., B, to practice. 

Say, we have a bar of cast iron 10 feet, or 120 inches long, 
loaded with a tensile strain of 4 tons per square inch, and we 
require the extension by that strain :—now by col. 10 of Table 88 
the mean value of Ey is then 11,709,200 Iba, and the extension, 
with 4 tona, or 8960 lbs., will be 8960 + 11,709,200 = - 000765 
parts of tho length, or 000765 x 120 =-0908 inch. Now, 
say that when the bar is loaded with 4 tons, we require the 
effect of 4 ewt., or 449 Ibs,, more; then by col. 11, the Modulus 
when already loaded with 4 tons, is 9,472,000 Ibs, hence the 
extension with 448 Ibs. more, would be 448 + 9,472,000 = 
+0000473 parts of the length, or -0000473 x 120 = -O05676 
inch. 

Tho application of B, to find the compressions by crushing 
strains is of coufse procisely similar to that of By, the 
value of the Modulus being taken from col. 10 or col. 11 in 
Table 89. 

To find the deflection of a rectangular bar, the value of E, 
must be selected, propor for the particular iron (789); ratio of 
the strain to the breaking weight (740); and size of casting 
(738); and we can then find the deflection by the rule:— 


wx 
(700) oR axe xb 
In which 8 = the deflection in inches, w = weight in pounds, 
1 = length between supports in inches, d = depth in inches, 
6 = breadth in inches, Ey = Modulus of deflection in pounds 
por square inch. ‘Thus with a wronght-iron bar in which d = 
1} inch, 6 = 5} inches, 1 = 18} fect, or 162 inches, and w = 
$40 Ibs.: taking E, from col. 7 of Table 105 at 27,600,000, 
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" 840 x 162° » 
the deflection becomes § = 37600000 x 4 x 1]? x 5} = 1-743 
inches, &e. It is shown in (303) that the strength of Timber 
pillars may be found direct from the Modulus of Elasticity. 


OHAPTER XIx. 
ON PERMANENT SET. 


(751.) * Defect of Elasticity.” —The elasticity of all bodies is 
more or less imperfoct, und manifests itself in two principal 
ways. Ist, by the extensions, compressions, deflections, dc. 
increasing more rapidly than the strains, whereas with perfect 
elasticity they would be simply proportional to those strains ; 
the effect of this fuct is shown in (604), (613), (688). ‘The 2nd 
result of defective elasticity is that when once strained, the 
body never returns to its primitive form, but takes a “per- 
manent set” varying in amount vory greatly with tho naturo of 
the material and the extent of the strain; this will form the 
subject of the present chapter. 

(752.) In earlier days it was assumed that within what was 
termed the limit of elasticity, or with strains lees than about 
one-third of the breaking weight, the elasticity of ordinary 
materials, such as cast and wrought iron, timber, ée., was 
perfect, that is to say, the extensions, &c., being simply pro- 
portional to those strains, and giving no permanent set. But 
the refined experiments of Mr. Hodgkinson have shown that, 
although this may be practically trae with some materials, 
such ag wrought iron and steel, it is in all probability not 
strictly trac with any ; he found that the sets were generally 
proportional to the square of the strains, or nearly so: see (688) 
and Table 111, from which it would follow that if with a mode- 
rate strain the sot were considerable, then, Ist, that with very 
slight strains the sets would be excessively small, and possibly 
unmeasurable, if not inappreciable; but, 2nd, that law would 
show that there must be sets with all strains, however amall. 
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PERMANENT SET UNDER TENSILE AND COMPRESSIVE STRAINS, 


(758.) “ Cast Iron."—Tablo 115 gives the result of Mr. Hodg- 
kinson’s experiments on the set from both strains; those with 
tonsile strain were made on round bars of iron united 
at the ends, 80 that the whole length exclusive of the couplings 
was 50 foct: the diameter was about 14 inch, equal to one 
squaro inch area. There were nine experiments upon four kinds 
of cast iron: namely, Lowmoor No. 2, Blaenayon No. 2, Gart- 
sherrie No, 3, and a mixture of Leeswood No, 3 and Glengarnock 
No. 3 in equal proportions. There were two experiments upon 
cach of the simple irons, and three upon the mixture :—the mean 
experimental tensile straing are given in col. 1, and the cor- 
responding sets in col. 4, 

‘Tho scts under compressive strains wore obtained by experi- 
ments on tho same kinds of iron, the bars being 10 feet long, 
and 1 inch square nearly, and to prevent lateral flexure they 
were enclosed in a strong iron frame, &e. The mean 
mental compressive strains are given in col. 1, and the cor- 
responding sets in col. 5. 

(754.) By plotting these experimental results in diagrams we 
haye obtained Fig. 217, and from that we hayo found the sets 
for even tons and half-tons given in col. $ of the Table. In 
col. 6 we have given the ratio of the sets under the same 
amount of tensile and compreasive etrains :—it will be observed 
that with small strains, the compressive sets are much greater 
than the tensile ones, but with heavy strains the tensile sete 
are much the greater. The fact is that tho amount of set is 
govorned, not by the absolute strain alone, but by the relative 

ce to the ultimate or ‘breaking weight. 
is approached, the set is very rapidly incressed ; 
gth of cast iron being six times greater for 
an for tensile strains, defect of elasticity, as 
the set, tells more rapidly with the latter, so that 
whilo with the small strain of half a ton per square inch, the 
sot with a compressive strain is groator than with a tonsile in 
the ratio of 1-713 to 1, they become about cqual with $} tons, 
and only about half or -574 to 1 with 7 tons per equare inch, 
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th of the breaking weight by compressive strain. 
Tho ultimate compressive strength of cast iron is 
3 tons por square inch (192), but the set was not 
trains greater than about 19 tons, a8 in the: 


eteiagth of cast iron, the extension by col. 4 of 

(44625, and the set with that atrain by col. 4 of 

1000245, is equal to -0000245 + -00044625 

recent, With 14 tons per square inch crashing 

it ich ia about jrd of the ultimate compressive strength 

of cast iron, the compression by col. 5 of Table 89 is -002731, 





PREMANENT SET OF WROUGHT IRON: TENSILE. 408 


and the set by col. 6 of Table 115 boing *000443, is equal to 
~000443 + -002731 = -016, or 1-6 per cent. only. 

By cols. 4, 5 the permanent set with any given tensile or 
compressive strain may be easily caleulated by interpolation, 
remembering that it is proportional to the square of the strain 
(752). Thus, the act of a cast-iron bar after a tensile strain of 
6000 Ibs., or 2°7 tons, may be found from col. 4, which gives 
"0000245 for 2) tous, therefore -0000245 x 2°7#+ 2-5* = 
0000286 for 2-7 tons, which with a length of say 72} foet, or 
870 inches, gives -0000286 x 870 =-25, or } inch permanent 
set, &e. 

(756.) “ Wrought Iron."—The results of Mr. Hodgkinson’s 
experiments on the set of wrought iron under tensile strains 
are given in cols. 5, 5 of Tables 94, 95, the “sets” being 
roduced to parts of the length of the bar, Tho observed sets 
with very small strains are very anomalous, due no doubt to 
the difficulty of measuring with accuracy such minute distances 
as the sets really are with light strains, even when the bars are 
of great length:—thns the observed set with 7571 Ibs. was 
only 0022, or ;4, inch on a length of 50 feet. The sets for 
even tons were obtained by interpolation between tho next 
greater and lesser experimental sets. 

By plotting the experimental observations in a large diagram, 
we have obtained the sets in col. 2 of Table 116; the mean set 
per ton given in col. 3 will serve to calculate the set for strains 
intermediate between those given in the Table, by simple inter- 
polation, which will be accurate enongh for ordinary purposes. 
‘Thus, with a bar 100 feet, or 1200 inches long, with say 12-4 
tons per square inch Tensile strain, the set after the strain was 
taken off would be -00000725 x 12-4 x 1200 =-108 inch; 
more accurately it would be -108 x 12-4*~ 12" = +115 inch. 
For strains under 8 tons, it has been assumed in Table 116 that 
the sets are proportional to W*(752). ‘Tables 94, 95 show that 
with heavy strains, time ia very influential on the Permanent 
Set. 

(757.) Cols. 6, 6 in Tables 94 and 95 show that the per- 
manent sets give very cloarly and definitely the point at which 
4 wrought-iron bar is overstrained by a tensile strain. ‘Thus, in 

I2vd 





+0905 
“0351 


@ 








Table 94, the set with 27,761 Ibe. is 9-3 per cent. of the exten- 
sion, but, with 30,284 Ibs. becomes 96-5 per cent.: again, in 
Table 95, 26,675 Ibs. gives a set of 8-2 per cent. of the exten- 
sion; but 29,343 Ibs. gives 20 per cent., &c. With both these 
bars therefore about 12 tons per square inch will decidedly 
overstrain the iron: with very heavy strains the permanent set 
is nearly equal to the extension, being as much as 92 per cent. 
in Tablo 94, and 94 per cent. in Tuble 95, 

Wo haye unfortunately no experiments on the set of wrought 
iron under compressive strains; neither have we any experi- 
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ments showing the effect of variations in the thickness or size 
of bar in the case of cast iron On the sets under tensile and 
compressive strains ; the effect of size on the set of bars loaded 
transversely we shall find (769) to be very considerable, 

(758.) The longitudinal set may be determined approximately 
from the observed sct of a bar loaded transversely by the rules 
in (511), (642). ‘Thus, by col. 5 of Tablo 106 a bar of wrought 
iron in which d = 1-515 inch, b = 5-528 inches, 2 = 184 feet, 
or 162 inches, loaded with a weight = 952 Ibs. in the centre, 
has a set of +02 inch. This by the rale (511) is equivalent to 
a strain at the upper and lower edges of the soction, or f = 

3 x 162 x 952 5 
Oe 525986 1-616" = 17920 Ibm, or 8 tons per square fnch ; 
and the longitudinal sect with that strain by the rule in (642) 

SB1G'3<* 

becomes Ey = 2% 4 a 2 _.990006927 of the length 
of a bar strained longitadinally with 8 tons per square inch. 
By direct experiment, the sct by Table 116 = -00000827, the 
}-inch bar gave *00000678 with 18,672 lbs, by Table 95; and 
the } bar in Tuble 94 gave -0000109 with 17,666 Ibs. tensile 
strain. This method is usefal in those numerous cases where 
wo have no direct experimental information. 


PEMMANENT SET UNDEM TRANSVERSE STRAINS, 


(759.) * Cast Iron.” —The elasticity of cast iron varies so much 
with different kinds of iron, and with the size of the casting, or 
rather with its thickness (744), that it is difficult to give rales 
for permanent set which will be even approximately correct for 
general cases. 

For rectangular bars of Cast iron we have the Rules:— 

‘ B65 

(760.) For W, in tons, ga Exe eee 


. ote 
(Tél) Wein onts, = * (Wer s} x 00008. 


(762) Wyin lbs, S= 


Lx (Wr +2) +000000002391 
&xe 





With square sections these Rules beeome:— 


(768.) For W, in tons, gal’ (Wes sfx O12 


(764) Wo in cwta, 8= Ls (Wor s)'x¢ *00008 ” 
: panera 


(765.) W in Ibe, ga ix(Wers)'x -000000002391_ 


In which L = length between supports in feet: @d = depth 
in inches: b = breadth in inches: z = the ratios of strength as 
governed by tho least dimension of the casting, and as given 
in (984), &c.: 8 = Permanent set in inches. 

‘Thus, with the bar in Table 108 say we take Wy = 112 Ibs. ; L 
being 162 inches, d = 1-522 inch: b = 3-066 inches, &e. Then 
taking from (934) =-8141 for 1} inch thick, the Rule (762) 

, _ 18-5¢ x (112 +8141) x -000000002391 _ | 
pet Je 1-522" x 8-066" ges 
inch Permanent set; col. 10: experiment gave "0192 inch, 
col. 8. The cols. 8 and 10 do not agree very well with heavy 
strains. 

(766.) The mean Transverse breaking weight of = cast-iron 
bar 1 inch square and 1 foot long is 2063 Ibs. by col. 7 of 
Table 64, hence with Factor 3 we have 2063 +3 = 688 Tbe. safe 
load, with which Rule (765) gives 


g = 1X (688 +1) x 000000002892 _ .oo1199 inch set 





with safe load, from aa we obtain the Rules :-— 


. 
(767.) Permanent set with Safe Load S.= rm 


2 
(768.) Py » with Breaking weight, 8, = oes 


In which 8, = Permanent set with Safo Load, and S, with 
Breaking weight; the rest as before. These simple rules may 
be applied with approximate accuracy to cast-iron beams of all 
sections, the effect of size being eliminated (773): for example, a 





PRUMANENT SET: CAST IRON: EFFECT OF SIxK 407 


girder of any ordinary section, say 20 feet long, and 8 inches 
2 
doop, gives 8p = gap =°B, oF } inch set with Breaking 
3 
weight: and 8, = a0 =*0555, or pth inch with safo 
load, namely jr the breaking weight, &c. 
Tablo 117 givos a summary of Mr, Hodgkinson’s experiments 
on the mean set of I-inch bars of cast iron, 4} feet long: col. 8 
has been calculated by Rule (765): thus with 56 Ibs. we obtain 


B= ee =+003075 inch, &e. 


Tante 117.—Of the Pramaxent Ser in Cast-mox Beams, 
Linch square and 4} feet long. 


Weight. | By Experiment.) Ty Calentation. | altel Wont 





Por Gmnt. 
12 
4 
36 

4 
“076875 61 
“210700 3 
*150075 85 
*196800 


® 


(769.) *Kiffect of Size of Casting.’ —This effect will be most 
clearly shown by reducing the experimental results from bars 
of different sizes to the equivalent loads, deflections, and per- 
manent sets with a“ Unit” beam, or a bar 1 foot long, 1 inch 
deep, and 1 inch wido, and in ordor to clear the investigation 
from the complications arising from tho varying properties of 
different kinds of iron, it will be necessary to take one and the 
samo iron for all the bars. We shall then obtain the deflec~ 
tion and set for bars of different sizes in a directly comparable 
form and shall show the effect of size alone cleared from all 
obscuring circumstances ; see (746). 

For this purpose wo will take Blaenavon No. 2 iron: bars 
about 1, 2, and 3 inches square, with lengths of 4), 9, and 13) 





feet respectively, were experimented upon by Mr, Hodgkinson + 
the loads, deflections, and permanent sets are given by cols. 1, 
2, 3 of Table 118. 

To reduce the loads in col. 1 to equivalent ones of a “ Unit” 
beam we have the Rule — 

(770) Wewxb+(#xb). 

Tn which W = reduced weight on Unit beam: w = the 

montal weight on a bar whose depth = d, and its breadth =, 
both in inches: while its length = L in foot. ‘Thus « weight 
= 224 lbs. on a bar 13} fect long, 3-05 inches deep, and 3-095 
inches wide is by the Rule equivalent to W = 224 x 18-5 = 
(3°05? x 8-095) = 105 Ibs. on a bar 1 x J inch > 2 foot Jong, 
as in col. 5 of Table 118, 

Then to reduce the experimental deflection with say the same 
S-inch bar to that duo to the equivalent load on Unit bar we 
have the Rule :— 

(771.) &=s8xd+Lt 
In which § = the deflection by experiment with a bar whoso 
depth = d in inches, and its length L in feet: 3, = the deflee- 
tion with equivalent weight on Unit beam: thus im our 
caso 5, = 195 x 3°05 + 18°5* = -00326, as im col. 6 of 
Table 118. 

The reduced permanent set may be found by a modification 
of the same Rule:— 

(772.) 8, =Sxd+lt 
In which 8 = tho permanent set by experiment with a bar 
whose depth = din inches and its length L in feet, and S, = 
the equivalent set on a bar 1 inch square and 1 foot Iong>— 
thns in our caso -003 x 3:05 + 13-5" = -0000502 inch, as in 
col, 7, de. 

We thus find, that with a bar 18} feot long, 8-05 inches deep, 
8-095 inches wide, a load of 224 Ibs, produces by experiment a 
deflection of *195 inch, and a permanent sot of +003 inch, and 
that this is equivalent to a lond of 105 Ibs, on a bar 1 foot long 
and 1 inch square, which load would give a deflection of -00826 
inch, and a permanent set of -0000502 inch, &e. Table 118 
has been calculated in this way throughout, 
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Tants 118.—Of tho Deriecrtox and Perwavexr Ser of Bans of 
Brarxavos Cast Inox, 1, 2, and 3 inches square: showing the 
effect of Size. 


0752 B= 1-081. —_| Reduced to 3 In, Square, 1 F¥. Long. 





Permanent) Modulus of Permanent 
+ Set. | Elasticity Ku. |) Lond, | Peitectice) eq. 





| Tbe. 
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Taste 118.—Of tho Derixcrion and Permayest Ser of Bans of 
Bhaxxavox Casr Inox, 1, 2, and 3 inches square—continmed. 


Bor. b= tab Peet: ¢= 3-05: b= aon, | etucrd to Ta, Square 1 Pe Lom 





Permanent] Modntus of 
Deflectlon.|"" Set, | Klaaticlty Ke 


2368 Broke| 4-431 
© ® 


(773.) In the Diagram, Fig. 219, these reduced deflections 
and permanent sets aro represented graphically, and show 
cloarly the superior strength and stiffness of small castings. 

It i important to observe, however, that the permanent set 
with the safe load of rd the breaking weight is about the same 
with all the bars: thus at A or 2rd the breaking weight of tho 
l-inch bar, the set ia about the same as at B, which is about 
jrd the breaking weight of the reduced 2 and 3-inch bars. 

‘ le (767) applios to bars of all sizes, 
‘That dofect of clasticity increases with tho size of the casting 
i i tho Diagram by the pormancnt set and the 
ing therewith: it is alao shown by the 
ther, which also increases with the size 
n by Table 118. Thus the ratio of the ultimate 
is deflection is with the 1-inch bar “0879 — 
th the Q-inch bar +0704! 
inch bar +7617 + 02728 = 2-798, 
: from col. 5 the samo load as nearly as possible 
re d 1, 2, and 3-inch bars, we have say 1009, 1020, 
and 1050 ht expect the Permanent seta in col Tto 
be all alike, influential is size on the strength, and 
thereby on the set, that col. 7 gives -003078; -007888 and 
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°01151, or in the Ratio 1-0; 2°56,and 3-74, Tho fact is that 
although the loads were nearly identical in actual amount, they 
were very different in their Ratio to the respective strengths of 
the bars: with the 1-inch bars the load was 1009 + 1980= +51, 
or 51 per cent. of the breaking weight: with the reduced 2-inch, 
1020 + 1872 =-74, or 74 per cent.: and with the reduced 
8-inch bars 1050 + 1342 =-78, or 78 percent. The Permanent 
Set increasing very rapidly as the Breaking weight is approached, 
that fact tella on the results, as we have seen. 


CHAPTER XX. 
ON IMPACT. 


(774.) “General Principles."—The power of bodies to resist 
an impulsive strain or a blow is second only in importance to 
their power in bearing a statical load or dead weight. Many 
of the forces which the Engineer has to deal with in practice 
are dynamic ones, or forces in motion, and as the laws governing 
the strength of Materials in that case differ entirely from those 
for a statical force it will be necessary to investigate those laws 
somewhat exhaustively. 

We will take first the case of impact on Brams, not only 
because it is the most important but also as giving the greatest 
facility for the illustration of general principles. It will be 
expedient in explaining the theory and leading facts, to take 
first a very light beam or a case in which the weight of the 
beam itself is so small in proportion to the strength that it may 
be noglected without sensible error. The results we thus 
obtain may be afterwards modified for pructical cases in which 
the weight of the beam or the load upon it is considerable and 
its effect influential. 

(775.) Let A in Fig. 186 be a beam or clastic spring, say of 
steel, fixed at one end, and let its elasticity be such that it 
deflects 1 inch for each pound at the end, then with W = 10 Ibs. 
as in the figure, the deflection will be 10 inches, or from B 
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toC, Now, a certain amount of power has to be expended in 
thus bending the beam, which may be expressed in ineh-Ibs., or 
pounds falling Linch. At first sight it might appear that in 
our case we bave 10 Ibs. falling 10 inches, or 10 x 10 = 100 
inch-lba., but the strain or bending weight is not tniform 
thronghout tho fall ;—at first it is O and increases from B to © 
in arithmotical ratio from 0 to 10, hence the mean weight is 
evidently (0 + 10)+2 = 5 Ibs. which, falling 10 inches, gives 
5 x 10 = 50 inch-Ibs. as the power required to bend the spring 
10 inches. It follows from this, that if the weight instead of 
being placed steadily on the beam were allowed to fall 

the 10 inches deflection, we should require only 5 Ibs. to deflect 
the beam from B to C, instead of 10 lbs. dead weight. Tf, there- 
fore, we place 5 Ibs. at B and suddenly release it, the spring 
would be deflected by that weight to C, the point due to a dead 
weight of 10 Ib.; or, if on the other hand the weight of 10 Ibs. 
had been suddenly released at B it would have deflected the 
beam not to © only, but to D, 20 inches below B; or in other 
words, it would havo strainod the spring to an extont double 
that produced by a similar dead weight. That this is a fact is 
proved and illustrated by the experiments of Captain James, R-B., 
given in Table 119, the mean ratio of the 14 experiments is 1 
to 1-938, or very nearly double as given by theory. ‘The same 
effect would be produced by any weight less than 5 Ibs., if the 
height of fall wore proportionally increased ; thus a woight of 
1 Ib. falling inches from E to © would deflect the beam a8 
before from B to C, 

It should be observed that the height of fall must be measured 
from he point to which the beam is deflected, and not from 
B, the pi where the falling weight first strikes the Beam. 

RESILIENCE, 

(776.) Tho Power of « beam in resisting Impact has been 
termed its eco,” and it will be soen from the fe 
investigation that it may be expressed by taking half the product 
of the deflection by the weight producing it: hence we have 
the general Rule:— 

717.) R=dxWx}. 
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In which 3 = tho defection, say in inches: W = the deflecting 
weight in Ibs, tons, &c., and R = the Resilience of the Beam 
in inch-Ibs., or inch-tons depending on W. The most useful 
values of RB are for the two standard loads ;—Breaking Weight— 
and Working Load; for conveniences we may indicate them by 
Randr respectively. 

Table 67 gives in cols, 5 and 6, the yaluos of R, r, in inch- 
Ibs, for a Standard bar 1 inch square and 1 foot long, which 
may be termed the “ Specific Resilience” of those Materials. 
Thus for Cast iron R = 3x W x 4 becomes R = -0785 x 
2063 x | = 81-0, as in col. 5: similarly cols. 8, 4 give 
r = ‘0197 x 688 x } = 6°78, as in col. 6. 

The same reasoning and Rule will apply to cases other than 
beams, say to the driving of a nail by a falling weight: thus, 
Mr. Bovan found that to drive a sixpenny nail 1} inch into dry 
Christiania Deal required a steady pressure of 400 Ibs. To du 
the same work by impact required 4 blows of a hammer weighi 
6-275 Ibs., falling 12 inches at each stroke, the mechanical 
work done being 6°275 x 12 x 4 = 301 inchTbe: by the 
Rule we obtain R = 1} x 400 x 4 = 800 inch-lbs, 

(778.) We can now search for the Laws by which the depth, 
breadth, and length of a beam govern R, or its power in resisting 
Impact. By (659) it is shown that 9= = WO 

ee er -—Pxe 
when all are constant except d and W, we hayo 3 = s Now by 


(324), the strength of beams or W varies as d*, hence with 
depths in the ratio 1, 2, 3, 4, the transverse strength for a dead 
Toad wil vary in. the ratio 1,2 #4, oF 2,4, 9, 16, nik with 
those Toads, the deflections by rule 8 = © become Pea 
ee the ratio of R or 3 x Wenn ae x1l=1: 


\ : 9x 4 = 3, and 16 x } = 4, or in the simplo direct 
ratio of the depth d, namely, 1, 2, 3, 4. 


Then, : rol the breadths: the same Rule (659) shows that 
é varies ay, therefore with breadths in tho ratio 1, 2, 3, 4, 
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tho weights W, are 1, 2, 3,4 also, and © bocomos }, 4,34 = 


1-0 in all cases, showing that when the loads are proportional 
to the breadths the deflections are constant. But R, or 3 x W, 
will not be constant, but become 1x 1=1:1x2=2: 
1x 8=8: andl x 4 = 4, &e., showing that R is simply and 
directly proportional to b. 

‘Then, for the influence of the length: the same Rule (659) 
shows that 8 = L' x W; then with lengths 1, 2, 3, 4, W, or 
the dead loads, will obviously be in the simple inrerse ratio, 
1, }, 4, 4, &e.: hence the deflections, or 3 = L* x W, become 
Pxla=1: 2x 4=4: 8x 4=9: and # x 4 =16, and 
R, or the power to resist Impact, or § x W, becomes 1 x 1 = 1: 
4x4 =2: 9X }=8: and 16 x } = 4, which are in tho 
simple direct ratio of the lengths, This is romarkablo, boing 
precisely the reverse of the effect of length on the dead load, 
where of course the strongth is inversely aa the length. 

We thus find that the power of Rectangular Beams in re- 
sisting Impact, or R, is simply and directly proportional to the 
length multipliod by the depth, and by the breadth. Putting 
these results into the form of Rules, wo have for Rectangular 


beams :— 
(779.) nat XOxLxRk 
j = o . 


(780.) wxh=dxbxLxhR 


In which d = the depth of the Beam in inches: b = breadth in 
inches: L = length between supports in feet: w = falling 
weight, say in Ibs,: A = height fallon by w in inches, and R = 
the Specific Resilience of the Material, as given by cols. 5 or 6 
in Table 67; cols. 9, 12 in Table 64, de. 

These Rules do not allow for the resistance from the Inertia 
of tho Beam or of any dead load it may bear before receiving 
the force of the blow, and by which the results may be modified 
very considerably, 

(781) “ Effect of the Inertia of the Beam."—Mr. Hodgkinson 
has shown by his experiments that in resisting impact, the 





powor of a hea eden ta tot Oe 
of tho iat SE the falling weight is 
weight alone, or as hence the Rule (780) becomes 


pa iF XbxXUxk 


x LE, from which we obtain the 


« 
general Riles :— 
(782) patxdbxLxRx dt) 
5 eae ae KES). 


= wx hk 
(783.) d= yx EX (pe) 


w xh 

vat) ’=TyER Exe) 

wxh 

C85)! 16 88 Sor areal 
In which, the lettors have the same signification as in (780), 
excopt I, which is the Inertia of the beam and the load mpon it 
The inertia of a beam uniform in section from end to end, 
supported at the ends, and strack in the centre, may be taken 
at half the weight between supports. To this has to be added 
the whole central load (if any), or if otherwise distributed, it 
must be reduced to an equivalent central load. 

(786.) The application of these rules may be illustrated by 
an examplo:—say wo havo a beam of English Onk 12 ingles 
deep, 6 inches wide, 20 foet long between supports, and we 
require the height from which a weight of 5 owt, or 560 Tbs. 
must fall to strain the beam to }th of the breaking strain. 

First we have to find the inertia of the beam from its 

it:—we have 1 x } x 20 = 10 cubic fost, and by col. Zot 
Tablo 150, 4 10 = 484 Ibs, for tho weight, the inertin i 
therefore 242 Ibs., and taking the value of r at 2-O4 from col. 6 
of Table 67, wo get by Rule (782):— 


hn 12x 6 20 2-08 x (242 + 660) _ 7-51 inches full 


To find the height of full to break the beam with the same 
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falling weight, wo obtain the value of R from col. 6 of the same 
Table = 78-4, and h becomes 
12 x 6 x 20 x 78-4 x (242 +560) _ p97 
Be0F = 288-7 inches, 
or 24 feot:—hence the ratio of the breaking and safe heights is 
288-7 + 7-61 = 38-4 to 1, as in col. 9: see (825). 

(787.) To vary the illustration, say that the beam was loaded 
with a central dead weight of 10 cwt., or 1120 Ibs., adding 
which to the inertia of the beam itsclf wo obtain I = 1120 
+ 242 = 1362 Ibs, and for }th of the breaking strain, h 
becomes 

12 x 6 x 20 x 2:04 x (1862 + 560) _ 49; 
660" = 18 inches fall, 








whereas when unloaded the fall was 7-51 inches only (800). 

Tf the oxtra load of 10 cwt. had been equally distributed all 
over the length of the beam, it would have been equivalent to a 
central load of 5 ewt., or 560 Ibs., hence I would bo 560 + 242 
= 802 Iba, and h becomes 

12 x 6 x 20 x a x (802 + 560) _ 49.75 inches fall. 

(788,) The three rules in (783), &e., by which d,b, and d x b 
are respectively determined, are difficult in application, because 
tho inertia of the beam depends on the dimensions which are 
unknown, but we can assume dimensions and solve the question 
by repeated approximations to any desirable degree of accuracy. 
Say wo require the dimensions of a beam of Elm 15 fect long 
to boar safoly a weight of 8 ewt., or 896 Ibs. falling 12 
inches. We will assume the dimensions at 12 inches square, 
hence the beam contains 15 cubic fect, weighs by Table 150, 
86°65 x 15 = 550 Iba., its inertia 550-2 = 275 Iba; the 
value of r from col. 6 of Table 67 is 2-13, and the rule 

S ¥ 896" x 12 
(785) will now give d x b = I5x Wd & (16 FBI) = 27, 
and 4/267 = 16 inches square, instead of 12 inches as we 
assumed. But 16 inches would be too much, because the 
weight, and thereby the inertia, would be greater than we 
2% 
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assumed. Assuming 15 inches squaro, or 1-25 feet, as @ second 
approximation, the weight comes out 1-25 x 125 x 15 x 
36-15 = 847 Ibs. hence the inertis = 424 Ibs, and dx6 
896" x 12 . 
becomes 15 a-15 x (AEE BOE) SESE 595 = 28 and {238 = 10-1 
inches square, agrecing sufficiently closely with the sizes we 
assumed. By (821) it ie shown that the beam might be of any 
dimensions at pleasure, so long as d x 6 = 228; thus it might 
be 14 x 16°S = 228, or 12 x 19 = 228, &e., &e,, and it would 
be unimportant whether it was struck by the falling weight in the 
direction of its groatest or least dimension, as shown in (824). 
It will be observed that theso Rules apply only to beams of 
rectangular sections; the following apply to beams of all 
sections, but are not so facile in application >— 


(789.) an Lx Wx +e), 


Rxwx2 


Ax Fy x a’ x 2 
(790.) f= a/' Wx d+) J* 


In which W =a givon Statical weight on the beam, in pounds. 


eight fallen by w, in inches. 
jexure in inches produced by the impulse of w. 
1 = Inertia of the beam and its load, as in (785), &e. 


(791.) These rules connect together the laws of the Statical 
and Dynamic forees, enabling us to reason from one to the 
other :—thus from the known strength and stiffness of a beam 
of any form, material, mode of fixing, &c., under a statieal load 
or dead weight, we may calculate the effect of an impulsive 
strain upon it, 

As an illustration of the application of theso rules, we may 
take Mr. Bevan’s experiments in Table 120:—they were made 
on a beam whose inertia or half-weight between sapports was 
63-5 Ibs., a deflection of 1 inch was produced by a dead weight 
of 148 Ibs., and the falling weight was 28 Ibs. The deflections 
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produced by various heights of fall are given in col. 2 and as 
calculated by the rule in col. 8. Thus, with 12 inches fall, 

—_ (12«1x 23° x 2 = 4:19 5 ree 2 
a ae (one $= 1°18 inch deflection: by ex 
periment it was 1-25 inch. 


Taste 120.—Of Imeacr on Beast of Woon, 18 feet long, &c. 


Hetght of Fatt Deflection Inches, 
Teehen. 


‘periment. | Ry Calculation, 


(792.) Agnin:—say that we have a beam in which a dead 
weight of 400 lbs, produces a deflection of 1*2 inch, the inertia 
or half-weight botwoon supports being 600 Ibs., and the falling 
weight 200 Ibs.; we require the fall to produce a deflection of 
say 2} inches. Then by Rule (789) :— 


_ 2°5% x 400 x (600 + 200) _ op .9 « 
h= ere = 20-8 inches fall. 

It will be observed that in both these examplos, the dimensions 
of the beam are not given, nor are they required by the rules in 
(789), &e. 

(798.) But these rules are based on the supposition that the 
elasticity of the deflecting beam is perfect, or that the de- 
flections aro strictly and simply proportional to the Joads even 
up to tho breaking point; this is far from the trath with cast 
iron (638), and is not strictly true perhaps with any material, 
although sufficiently so for practical purposes, with wrought 
iron and steel up to the “limit of Elasticity” (692). ‘This will 
be soon by comparing Tables 121 and 122, for the rule in (789) 
shows that, other things being the same, the fall 4 should vary 
as /,, and a comparison of cols. 2 and 8 of Table 121 shows that 

222 





this is truo for wrought iron, but 

poche perre feey bry tiny pope 
elasticity in cast iron causes a considerable departure from the 
rule (816). 

When 7, and F, have the same value, this source of error is 
eliminated, and even when they have nearly the same value, the 
tule may be used without serious error, 

(794) When f, is equal to Fy, that is to say, when the falling 
weight has to produce the same deflection as tho statical or 


Taste 121—Of Exreroresrs on Restraxck of Weovgmt-imox 
Sas! to Iupact, showing that the Power is as the Square of the 
Deflection. 
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TAGLE 1223.—Of Exreninexrs on Inracr with Cast-mox Bans, 
1°58 inch deep, 6°122 inch wide, 18) feet long, Falling Weight 
608 Tbs. 


Fall in Feet. Wink seme bias LSS 








@ ro) 


fe x W x W 
fi 


dead weight W, then“ is equivalent to 
Fy, 

nt ae therefore to F, x W simply, and the rule in (789) 
becomes -— #.xW ; a), 

a xWx (+0) 

(798. ba DXB xt 

Say that wo have a girder 30 feet Jong, 20 inches deep, 
capable of carrying safely 10 tons in the centre, the weight of 
the beam between supports being 9 tona, hence the inortia 
=1 ton, and let thé falling woight w be }.a ton. We havo 
first to find F, or the defloction produced by the statical weight, 
which by the rule in (702) will be a= eee 02 _-9 inch :— 
then the rule (795) becomes h=_2* a x CH of 
es = 97 inches fall of } a ton to produce the same deflection 


and strain as the dead load of 10 tons, By Rule (789) we 
obiain b= 10 x ( i GED or 12.15 — 97 inches, us before. 

(796,) Again: a beam weighing 160 Ibs, botwoon supports, 
deflects 4 inches with a dead load of 600 Ibs, and we require 
the height from which 50 Ibs. must fall to produce the eaxus 
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deflection. The inertia being 160+2=80 Ibe, 4 becomes 
4 x 600 x (80 + 50) _ 69-4 inches fall meastred from the 
50" x 2 
point to which the beam is deflected (775), therefore 62-4 —4 
= 58-4 inches from the level of the unloaded beam. 
We shonld obtain the same result in this case (defect of 
elasticity not interfering) by the rale in (789), which becomes 
— # x 600 x (80 + 50) _ go.4; 
h= ix tox 2 = 62-4 inchos fall, as before, 
(797.) “ Impact on Cast-iron Beams."—We may combine the 
laws of deflection for cast-iron girders with those of impact, 
as to obtain simple general rules specially applicable to the tro 
most important loads, namely, tho safo and breaking weights. 


Let W = the statical or dead load on the centre of a girder, 

in Tons or Iba. 

w =the dynamic or falling weight, in the samo terms 
as W. 

h = the height fallen by ie, in inches. 

d = depth of the girder, in inches. 

L = Length of the girder, in feet. 

M = Multiplier, or -02 for safe load, and -0785 for 
breaking weight (‘Table 64). 

I = Inertia of the beam, or half the weight between 
supports, in the same terms as W and a. 


We then have the Rules :— 


ae x Mx Wx 40 
(798) he XB x Ux re). 


_UxMx Wx (i+#), 
= hx wx 
Taking tho same example as in (795) we have 


(799.) a 


+ 270 
x10 x OF 9) op 270 _ 97 inches fal 


If we required the fall to break the beam, we may find it by 
the same rule, observing that the breaking weight will be 
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80 tons, and MC = -0786, then & = eae i 


= 318 inches, or 26) feet fall, to break the beam; being 11-8 
times the fall which would strain the beam to one-third of the 
breaking weight (825). 

(800.) “Effect of « Dead Load on a Beam subjected to Tmpact"— 
Tn beams subjected to impact, thare are two contrary results 
produced by a dead load. ‘Tho first effect is the obvious one, 
that being deflected by the dead weight before receiving the 
blow, the falling weight has less work to do in breaking the 
beam, or in producing any given strain, therefore the height of 
fall with a given weight or tho falling weight with a given 
height will be less as the dead load is increased. But the other 
result is, that the inertia of the dead load being addod to that of 
the beam itself, the resistance to impact is increased, and the 
height fallen or the falling weight increases as the dead load is 
increased. The question becomes thus rather complicated, and 
requires investigation. 

(801.) Taking the sume spring as before (775), Fig. 186, which 
deflected 1 inch per pound of statical load, we will now observe 
the effect of loading it before impact with varying amounts of 
dead load, the weight of the beam itself being still for the sake 
of illustration taken as nothing. Say that the maximum strain, 
or that which breake the beam, is 9 Tbs. dead weight, deflecting 
the beam 9 inches :—then if unloaded, ries of 1 Ib, must 

Sox Wx (L+ wv) 
= by the rule (789) or h = cat KE 
Sx ox Ory = 40°5 inches. ‘Then, having found that a 
weight of 1 Ib. falling 40-5 inches deflects the unloaded beam 
9 inches, we will observe the flexure which that weight falling 
always the same height will produce in the loaded beam. Thus, 
say we have a dead load of 4 Ib, producing 4 inches deflection 
beforo impact, we then by Rule (790) obtain 

40-56 x 9x x 2 
9x @+1) 
by the impulse of w falling 40-5 inches; but the beam being 


> in our case 


= 4:02 inches flexure 





proviously deflected 4 inches by the dead Toad, the total 

is 4+ 4°02 = 8-02 inches, whereas when unloaded 

weight falling the sane height deflected the beam 9 inches 
Calculating in this way wo obtain col. 5 of Table 123, and it 
will be observed that while the flexure produced by the impulse 
of w is continuously reduced by increasing the load on the beam 
col. 4, the flexure due to the dead weight, col. 3, is continuously 
increased, but in « different ratio, the result being that the final 
combined flexure or strain on the beam is a minimum when the 
dead load plus tho falling weight, or I+, is 8 or 3rd of the 
breaking dead load; the deflection being then ouly 7-19 inches, 
instead of 9 inches as when unloaded. 


‘Tante 123.—Of the Fuexunr produced by Inrract. 


| Flesure produced by 
| Dead Load,| I+ a, 
| 





Seman pees 
Sees senes 


(802.) This may be further illustrated if we take the samo 
spring, and find the height of fall with « constant falling weight 
of 1 Ib, to produce always the same deflection of 9 inches with 
varying dead loads. Thus with a dend load of 24 Ibs. wo 
have 24 inches deflection, == 9 — 2) = 6} inches to be 


ox 
loaded the fall with the same weight and deflection was 
40-5 inches only, so that the resistance to impact has been 
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increased by loading the beam. Tho cola. 6, 8, 10, and 12 of 
Table 124 have been thus calculated, and they show that resist- 
ance to impact, or height of fall, isa maximum when the load 
plus the falling weight, or I + w, is 34, tho breaking weight 
being 9. 

(803.) Engineers have been guided by experience to fix on 
4rd of the statical breaking weight, as the safe statical load for 
ordinary beams, neglecting usually tho weight of the beam 
itself, and it is remarkable that the power of a beam to rosist 
impact is a maximum with that load. But this requires explana- 
tion, and must not be understood to mean that a beam loaded 
with 4rd of the breaking load, is at the maximum of its power 
to resist a blow from an extra falling weight because the dead 
load already strains it to the safe Himit assigned. Tuke the ease 
of a beam whose breaking weight is 9, as in Table 124, which 
would have $ assigned as tho safe load, but say that when loaded 
with 2, the rest, or 1 falls on the beam, which often happens by 
the accidental failure of a rope, &e, Then, if we admit the 
weight of the beam between supports to be 1, its inertia would 
bo }, hence I+ w becomes (2 + 4) +1 = 34 when by col. 6 
of Table 124 the resistance is a maximum, h being 73°94 inches, 

Again: say that when the dead load is 1, the rest, or 2 falla, 
then I+ w becomes (1+ 4) + 2 = 34, when by col. 10 the 
height h = 24-61 inches and is still a maximum. 

(804.) Tt will also be found thnt a factor for safety loss or 
greater than 4rd (or §) will give m less rosistance, Say wo 
adopt § instead of }; thon if when loaded with 4 or 4 in the 
Table, the rest, or 1 falls; I+ w becomes (4 +4) +1 = bh, 
and by col. 6 the height of fall is 55-7 inches, whereas the same 
weight of 1 fell 78-94 inches to break the beam when the factor 
was jor j. Again; when the dead load is 8 and tho rest, or 2 
falls, wo got I+. = (3 +4) +2 = 5}, and by col. 10 tho 
height of fall is 20-8 inches instead of 24-61 inches with the 
same falling weight of 2 when the factor was 4rd. 

If we adopt a lower factor, say % instead of j, then, if when 
loaded with 1 the rest, or 1 falls, we get (1+ 4) +1 = 2h ne 
the valne of I+, and by col. 6, tho height of fall is 
70°81 inches instead of 73-94 inches as with a factor of 4rd. 
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(805.) In Table 125 are given the results of Mr. Hodgkinson’s 
experiments on the resistance to impact of bars of Cast iron 
3 inches square, 184 feet long between supports. To obtain 
exact data for calculation, precisely similar bars of the samo 
iron were subjected to experiments with a dead load, the bara 
being strained horizontally so as to eliminate the complications 
arising from the weight of the bar itself. The mean breaking 
weight was 2865 Ibs., and the ultimate deflection 4+989 inches : 
to obtain the defloction with smaller weights before defect of 
elasticity (688) became considerable, it was observed that with 
672 lbs. the deflection was +633 inch or *633 + 672 = 
“000942 inch per Ib. in the centre, which is equivalent to 
000942 x ¢ =-00059 inch per Ib. distributed all over the 
beam. 


(806.) Taking the Srd experiment in the Table, the deflection 
due to the weight of the beam is 876 x "00059 =-222 inch: 
that duo to the central weight of 28 Ibs. is “000942 x 28 = 
*026 inch, the sum is +222 +-*026 = +248 inch, col. 6, 80 that 
the flexure required from impact is 4-939 —-248 = 4-691 inch, 
col. 7, The inertia of the bar is 376-2 = 188 Ibs., which 
added to 28 Ibs., the central load, gives I = 188 + 28 = 216 Ibs., 
col. 4, and the falling weight being 303 Ibs. the Rule (789) 

_ 4°69]? x 2865 x (216+ 803) _ 4, 0, - 
becomes h = —$959 x 808" xa 36°08 inches, 
col. 11: experiment gave 42 inches, col. 9, but the last observed 
fall which did not break the bar was 39 inches. Obviously the 
fall which really broke the beam was somewhere between 39 and 
42 inches, taking it at a mean of the two we obtain 40} inches, 
col. 10; henee we have 86°08 ~ 40-5 =-891, showing a dif- 
ference of 1-0 —-891=-109, or — 10°9 per cent. col. 12. 
The mean difference or error of all the experiments was 
— 4} per cent., ranging from + 24-4 to — 80-3 per cent., 
showing a nearly equal divergence in both directions. 

(807.) “ Impact out of the Centre of Beama."—We have so far 
considered only the case of a beam struck in the centre, but the 
same reasoning will apply to other cases; we have only to find 
the load out of the centre, and the deflection at the point of 
application, and the resistance to Impact R will be 4 the 
product, or R = W x 4 x }, as before (TTT). 
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Say we take the caso of a bar of wrought iron 1 inch deep, 
4 inches wide, and 16 foct long between end-bearings: the load 
in the centre, straining the bar to the “limit of Elasticity,” 
with M; = 2000 Ibs. (874) by Rule (824) becomes W = 
1 x 4 x 2000 + 16 = 500 Ibs., with which the deflection by 

2 : 
Rule (659) becomes 3 = 18% 5M) X“ROOO1BOS _ inches, A, 
Fig. 190. 

By the Rule (650) the same weight of 500 Ibs. at J, J, and yy 
span, or 4 feet, 2 foot, and 1 foot from one of the props, would 
givo with 4 L = 8 foet, and 8 = 8 inches 

Toches 
deflection. 


at 4 foot from prop, d = x x 116 x 4 —0)'= 5 


8 . 
a2, e d= 5x {16 x 2) — 2h = 1-581 


8 2 
- » 25x {16 x 1)- rt = 0°4895 


(808.) But if the loads were all proportional to the strength 
at each point, we should have had at B in Fig. 190, or at 4 feet 
from the prop, by the Rule in (420), 500 x (8 x 8)+- (12 x 4) 
= 666°7 Ibs,, and as 500 Ibs. gave 4-5 inch, so by proportion 
666-7 Ibs. would give 4-5 x 666-7 + 500 = 6 inchos deflec- 
tion at B. Similarly, at C, or 2 fect from a prop, we should 
have 600 x (8 x 8)-+(14 x 2) = 1148 Ibe, and o deflection 
of 1°581 x 1143 + 500 = 3°5 inches: and finally at D, or 
1 foot from « prop, we obtain 500 x (8 x 8)+ (15 x 1)= 
2133 Ibs, giving o deflection of -4395 x 2183 + 500 = 
1-875 inch, 

We can now find the resistance to Impact by a blow at A, B, 
©, or D in the figures, by simply multiplying the load at each 
point by the corresponding deflection, and taking 4 the product, 
ax explained in (776). At the centre A, we obtain 500 x 8 x 4 
= 2000 inch-lbs.: at B, or 4 fect from one prop, we havo 
666-7 x 6 x 4 =2000 inch-Ibs: nt ©, or2 fect from a prop, 
1143 x 8°5 x 4 = 2000 inch-Ibe.: and at D,or 1 foot trom a 
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prop, 2188 x 1-875 x }= 2000 ink Ths; being eer 
the same in all the four cases. We have here 

Inertia dus to the weight of the beam, the effect of reryird 
disturb perfect equality, as shown in (811). 

(809.) From this we find that while the safe load ineroases 
with the distance from the centre, the deflection with that 
inereased load is redaced in exactly the same ratio, so that their 
product, or W x 4, is everywhere constant. The samo fact is 
shown by col. 6 of Table 104. 

The result is, that the powor of a beam to resist Impact is the 
samo at whatever part of the length it is struck: that is to say, 
a given weight which falling on the centre from a certain height, 
will break the beam, or strain it to a given fraction of the 
breaking weight, will have the same effect at any other point in 
the length. 

This remarkablo result has boon confirmed by 
shown by Table 126. Mr, Hodgkinson found that a laser 
iron 1 inch square and 4 feet long, struck horizontally at the 
contro by # ball of 203 Ibs., acting as a pendulum with = radias 
of 12 foot, required « full through a chord of 6 feet to broak it: 
and two similar bars struck at } span, or midway betwoen the 
centre and one support, broke with the same fall precisely. 

(810.) Let Fig. 205 represent the case: it is an axiom that 
the velocity at V acquired by a body falling by gravity say from 
Q, is the same whether the body falls through the are Q, V, or 
vertically through the height X, V, &e. If we take chords 
1, 2, 8, a8 in the figure, the vertical heights are in the ratio 
1, 4, 9 as shown, and as the velocities are proportional to the 
square-roots of the heights we have velocities of 4/1 =1, 
vd 5 3; that is to say, the velocities are simply 
as th chords, and tho vertical heights as the square-roots of the 
chords: hence we have the Rule 


(811) »= CP + (R, x 2). 
In which Ry he radius of the pendulum: C, = the chord 
fallon through, and hy = the corresponding vertical fall, all in 
(feet or inches): thus in our case hy = 6*— 
5 foot, a8 in col. 6 of Table 126. 
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In caleulating the effect of blows at the centre and elsewhere, 
perfect equality will be disturbed by the Inertia of the bar 
(781): with tho 1-inch bar, the weight between supports being 
11-2 Ibs, the Inertia I = 11°22 = 5-6 Ibs, and by Rule 

2 
(782) we obtain i = lx 1x ixe x 6 + 20°75) _ 
19-8 inches, or 1:65 feet, as in col. 8. When struck at } span, 
I becomes 5-6 x 2 = 11-2 Ibs., and 
1x 1x 4x 81x (11:2 + 20°75) _ 
b= 0-75* = 24 inches, 
or 2 feet, de. 

With the 3-inch bars, the weight of the bar between supports 
= 186 Iba, hence when struck at the centre I= 93 Ths, and 
Rule (782) gives h = 8x 8 x 6-75 xe x (93 + 608) _ 


9-42 inches, or +785 feet. When struck at } span, I = 93 x 2 


= 186. thee kad ke ee ad x (186 + 603) _ 
10:67 inches, or *8898 fect, &v. 


Taute 126,—Of Exrnutmexts on the Unrorare Restsrance of 
Cast Inow to Inract, when struck at the Centre and at } Span. 


Corre- | Work 
Falling | magi | chord |apentiog) Tote | caten | 
Length, ie | of Pon | Fatien Vertical rs ‘here 

om re trough. | Falls Ft. | a Pee. | trek. 





fect. 
Centre 
+ Span 
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(812.) “ Resistance to Impact as Deflection Squared.”"—With 
beams whose elasticity is perfect the statical or dead loads and 
the corresponding deflections are simply proportional to esch 
other, thus, defloctions 1, 2,3, &., require loads 1, 2, 3, dc. but 
the dynamic or falling weights are proportional to the deflection 
squared, Thus deflections 1, 2, 3 require with the same fall, 
weights in the ratio 1’, 2", 8°, or 1,4, 9, &c., for obviously, as 
the power required to bend a beam, or R, is proportional to the 
deflection multiplied by the weight producing it, or to 6 x W, 
it follows that with statical weights, 1, 2,3 and 
deflections in the ratio 1, 2, 3, 8x W becomes 1 x 1=1; 
2x 2=4: and 3x 3=9, &,, or as tho deflection squared. 
Conversely when the falling weight is constant, the height of 
fall is in the ratio of deflection squared; this is proved to be 
true experimentally by Table 120, deflections of 1-25 and 
2-62 inches, which are in the ratio 1 to 2 nearly, required falls 
of 12 and 48 inches, which are in the ratio 1* to 2°, or 1 to 4 

(813.) In the case (775) and Fig. 186, in which the deflection 
is throughout 1 inch per pound for the statical weights 

1 2 3 4 5 CIT 8 9 10 The, 
the power is respectively 
+ 2 4 8 14 18 23 32 40 50 
inch-Ibs., and for each successive inch 
1% 2 «3h 4h Sk GTO % 
inch-lbs. While therefore 1 Ib. statically produces 1 inch doflee- 
ghont, the first inch takes } inch-Ib. only dynamically, 


nch-Ibs. It is apparently an anomaly that the 
on requires 9} inch-Iba, and yet that it is pro- 
ddition of 1 1b, falling 1 inch, and it is still more 
cause the dynamic effect of the latter is only § an 
the first inch so with the last, the mean weight 


i 140 _ = Jinch-lb. But it should be 
obser ia that while the | Sain of the first pound had no other 
ld the } inch-Ib. due to it, the addition of the 

also the effect of causing the 9 Ibe. with which 
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the beam was already loaded to descend 1 inch with the full 
uniform weight, thus yielding 9 inch-Ibs., which added to the 
4 inch-Ib. duo to the weight itself, makes the total dynamic 
weight = 94 inch-lbs, for the last inch, as before stated. 

(814.) The power to deflect the beam from 0 to 9 inches, ax 
shown by (801), being 40} inch-Ibs., and from 0 to 5 inches 
12} inch-lbs,, it follows that to increase the deflection from 
5 to 9 inches will be 40} — 12} = 28 inch-Ibs., or the same 
result as in (813). 

Table 121 gives the results of Mr. Hodgkinson’s experiments 
on the resistance of wrought-iron bars to impact: comparing 
cols. 4 and 5 it will be seen that the height of fall is practically 
as the equare of the deflection, as due by theory. 

(815.) The imperfect elasticity of cast iron causes a consider- 
able divergence from the rule, as is shown by Table 122, which 
gives the result of similar experiments on cast-iron bars: com- 
paring cols. 2 and 3, or 5 and 6, it will be seen that the experi- 
mental fall in col. 2 or the power in col. 5, is in u much lower 
ratio than 8, the difference being due to defoct of elasticity 
(688). ‘The ordinary rule supposes that the deflections are 
simply proportional to the statical loads, but col. 4 of Table 108 
shows that this is not even nearly true of cast iron, the deflec- 
tions inereasing with successive 56 lbs. from “8754 inch with 
the first, to 1-157 inch with the last. 

Say for illustration, that we had a material in which defect of 
Elasticity was such, that to produce deflections 1, 2, 3, required 
loads 1, 1}, and 2, respectively, instead of 1, 2, 8, a8 due with 
perfect elasticity. Then § x W becomes 1 x 1=1: 2 x 1} = 3: 
and 8 x 2=6: we thus obtain the ratio 1, 3, 6, instead of 
1, 4, 9, which is that of the square of the deflection. 

(816.) Comparing the first experiment in Table 122 with the 
last, the deflections being in the ratio 14 to 9, or 1 to 6, the 
vertical fall, or the work done by the falling ball, should be as 
6" or 836 to 1, but experiment gave 1-1944+-0688 = 18-8 
to 1, which is in the ratio of the 1-64 power of the deflection, 
or instead of 8 Thus in our case the ratio of the deflec~ 
tions was 1 to 6, and the log. of 6 =-788: the ratio of the 
work done in producing the deflections = 1 to 18-8, the log. of 

2y 
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8 is 80 great as to double the work with deflections in fhe rtis 
1 to 7, for 7 = 248 and 7* = 49 or about double. 

(817.) “ Effect of Inertia not Constant.”"—The inertia of the 
beam and its load is most influential when the falling weight i 
light in proportion thereto. If the beam were unloaded, ani 
itself withont weight, it would be quite immaterial what th: 
falling weight might bo so long as the fall multiplied by tat 
weight was constant: thus 100 Ibs. falling 10 feet would produce 
the same effect in straining the beam as 10 Ib. falling 100 feet, 
&o. But this is not true when the inertia of the beam and ite 
lond is considered : say that we have a bear whose inertia, or 
half-weight between supports = 1000 Tbs., and we require the 
heights from which weights of 1, 10, and 100 Tbs. must fill 
to produce one and the same deflection. Of courge if the inert 
was nothing, those heights would be inversely proportional to 
the weights simply, or 100, 10, and 1. 

We require only proportional numbers, and may take free 

(1 +.w)+*, which becomes in our cases (1000 + I) 
001; (1000 + 10) + 10*= 10-1; and (1000 + 100) 
11 respectively, or nearly in the ratio 100, 1, and 
stead of 100, 10, and 1, a8 with a beam whose inertia ws 


fechanical power R, required to bend a beam being by 
aal to w x h, and h boing proportional to (I + we) =m 


=iI+u)+ wt x0, or 


(818.) R=(+w)+w, 


in our three cases becomes (1000 + I)+1 = 1001; 
t 0= 0%; and (1000 + 100) = 100 = u 


1001, 10°1, and 0°11, the products of the weight by the height 
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becoming 1001 x 1= 1001; 10-1 x 10= 101; and 0-11 x 
100 = 11 respectively. 

(819.) The experiments of Mr. Hodgkinson in Table 127, 
show very clearly that the resistance of inertia is most influential 
with light falling weights -—for instance, for 1} inch deflection, 
with the first bar, the work done by the three falling balls of 
the respective weights 754, 151}, and 603 Ibs. is, 167-127; 
104-015; and 68*978 foot-pounds respectively, whereas, but 
for the inertia, all three would have been alike. The same bar 
was previously deflected 1-547 inch by a central Statical weight 
of 784 Ibs., hence 14 inch deflection would require 784 x 175 
1-547 = 762 Ibs, the power R boing thus 762 x 14 x 4 = 
671°5 inch-lbs,, or 571°5-—> 12 = 47°62 foot-pounds. The 
inertia of the bar, or half-weight between supports, being 
186 Ibs. the rule (818) or R= (I+ 1w)+1w, becomes with 
w = 75h Ibs., R = (186 + 75})-+ 755 = 8-464 times the power 
with no inertia, therefore in our case 47°62 x 3-464 = 165 foot- 
Ibs.: experiment gavo 167-127. With w = 151} Ibs, wo have 
R= (186 + 151-25) x 47-62 + 151+25 = 106-2 foot-Ibs.: by 
experiment 104-15. With w = 603 Iba, R = (186 + 603) x 
47-62 + 603 = 62-31 foot-Ibs., and by experiment 63-978, &e. 

‘These calculations prove that the great differences shown by 
the experiments are confirmed by theory; and also that the 
resistance of beams to impact may bo calculated accurately from 
the defloctions with statical weights. 

(820.) If we bad not known by direct experiment the stiffness 
of the particular bar, we might have obtained nearly the same 
results from general rules, Thus, tho statical weight to produce 
1h inch deflection in our wrought-iron bar with L = 13-5, 
d=1-515, 6= 5-528 by tho rule in (662), namely W= 
(@ x b x 8)+(L? x ©), in our case becomes (17515 x 5*593 
x 1:5) + (18'S x 00001583) = 739-7 Ibs: hence R or 
W x 5x } becomes 739-7 x 1h x 4-12 = 46-23 foot-lbs. 
Thon with w= 75h Ibe, wo get R= (186 + 755) x 46-23 
75-5 = 160+1 foot-lbs. : with w = 151}, R =(186 + 151-25) 
% 46°23 + 151-25 = 103-1 foot-lbs. :—and with 603 Ibs. R = 
(186 + 603) x 46°23 + 603 = 60°49 foot-lbs., ko, being 
nearly the same result as we found before with data derived by 

Ae 
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direct oxpcriment with a statical weight on the particular 
bar. The value of C was taken from a spocial experiment. 


Tau: 127.—Of Exrernumsts on Resisraxce of Weovewrmos 
Bans to Luract, showing that the Inertia of the Bar is most infe- 
ential with Light Falling Weights, 


Weight of Falling Balt: Loa. 


18% 151} 603 


‘Work dome by Ball im Deflecting 
Abe Bar, of w XA. 


18-807 
74-201 
167-127 


115-017 | 104-016 
204-181 | 190-242 | 


po2e7, 


rar ceues OP 











Brssves 











) “ Resistance to Impact ax the Weight of the Beam 
_ talo (780) shows that w x A, or the power of a 
1g Impact is proportional to d x b x L: now 
ge thro dimensions multiplied into each other give 
4 he beam, and thereby the weight botween 
so that substituting W,, the weight of the beam in 
1 ave the reld.w 20% ae eRe Ms. In 
} @ Multiplier adapted to the caso. Bat R = @ x &, 
. we find that with any given material, the resistance 
of rectangular beams to Impact, R, will be simply proportional 
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to the weight of the beam between supports, and may be found 
without knowing any of the dimensions. Thus in Tuble 128, 
we have in col. 4 the weight of bars of very different sizes, 
varying from 384 to 15 Ibs. Now, taking the value of Mz 
approximately = 2, the rule w x h= W, x My gives the 
results in col. 8, agreeing remarkably with experiment, col. 7, 
although two important matters were neglected, namely, the 
resistance of Inertia, and the variation in strength with different 
sizes of cast iron (931). 

Taste 128,—Of the Uvrimars Restsrance of Cast-rrow Bans to 

Imract, showing that it is as the Weight of tho Bar simply. 
Work done by the 

Yertloal | Falling Tall to Break 


‘the Bars we X A, 
No. of 


Experiruunt. 




















© Oo} ® 





(822.) We have now to find the correct value of My. With 
a falling weight the power exerted = w x h, or the falling 
weight w multiplied by the height of fall. ‘The resistance of 
the beam to this force, as we have seen (777), is 8 x W x 4, 
which is also the valuoof R:—therefore w x h: 6 x W x §, and 
R, have all one and the same value. 

By col. 5 of Table 67, the value of R for a Standard bar of 
east iron 1 inch square and 1 toot long = 81 inch-lbs.: now, 
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tho woight of this ar between supports by Table 181 is 
*2556 x 12 = 9 Ibs; hence the value of Rin inchTbs will be 
given by the Rale R = We x 27, orin our case R = 8 x 27 = 
81 inch-Ibs,: for foot-lbs. the Rule becomes R = 8 x 2+25 = 
6°75 foot-lhe. 

Applying the two corrections for Inertia and thickness of 
casting, we obtain the Rules— 


(623.) R= Wa x = x Mn x (I+) | 
w 


In which W, = the weight of the beam between supports, in 
Ibs. 


we = the falling weight, in Ibs. 
z= tho Multiplicr for thickness of casting, as in 
981). 
M, = a for R in inch-Ibs, with cast-iron bars; and 
2°25 for foot-lbs. 
I =the Inertia of the bar, or § weight between 
supports, in Ibs. 
R = Ultimate resilience, in inch-Ibs., or footdba, 
depending on Mp. 


Taking from (984) the experimental value of M, for S-ineh, 

2inch, and 1-inch bars at +6195, -7184, and 1-0 respectively: 

riment No. 1 in Table 198, we get for 3-inch bare 

% 2°95 x “6195 x (189 + 608) + 608 = 692 foot 

iment gave 746. ‘Tho 2-inch bars, No. 7, give R 

=108 x 225 x “7184 x (G4 + 603) + 608 = 190-2 Tha: 

experiment gave 190 Ibs. The L-inch bara, No. 4, give R= 

15 x 2°25 x 1 x (7-5 + 75°5) + 75-5 = 87°1 foot-lbe - 
experimont gave 41-8 foot-lbs., &e, 


5 and 6, the ultimate value of R for 1-inch bars 

is R =-0879 x 1980 x 4 = 97: for theredneed 

7048 x 1872 x } = 48-85: for the reduced 

h, R =07617 x 1342 x 4 = 51, which is anomalous, 
being greater than the 2-inch (932). 
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Rule (828) must not be applied to beams of all sections: for 
instance, the | girders in (342) and Figs. 71,72, aro similar in 
section and therefore in weight. But when broken with the 
flange uppermost W= 1120 Ibs. and 8=5 inchos, henco 
R=5 x 1120 x 4 = 2800 inch-Ibs.; with flange downwards 
W= 364,35 = 1-138, and R= 1-138 x 864 x 4 = 207 inch-lba. 
Hence, so far from being alike, or simply as the weight, we have 
tho ratio 18} to 1-0. 

(824.) “ Effect of Depth and Breadth.” —With » rectangular 
beam of unequal dimensions, say 6 inch by 1 inch, the resistance 
to Impact is the same, whether the bar be struck on its broad 
side or on its odgo. ‘This fact is implied and indeed involved 
in the Rules (70), &e., for as the height h which a given 
weight must fall is simply proportional to d x , itis obviously 
immaterial which dimension is made the depth and which the 
breadth. To show that this is theorctically correct more 
clearly, we may take a bar of cast iron 1 x 6 inches and say 
10 fect long. Taking My for Broaking waight at -921 from 
col, 6 of Table 66, when laid flat d=1, and b=6, then 
Rule (824) gives W = 1* x 6 x *921 + 10 =-5526 ton Brenk- 
ing weight, with which the deflection by Rule (695) becomes 
8 = 10" x ‘0785 +1 = 7°85 inches: henee R, or the mechanical 
power producing that deflection and breaking the beam, is 
+5526 x 7°85 x } = 2-169 inch-tons (76). 

When fixed on edge, d= 6, and b=1: thon W= 
6" x 1 x +921 +10 = 3-316 tons, Breaking weight, with which 
the deflection becomes 6 = 10* x -0785 + 6 = 1-308 inches; 
hence the mechanical power R = 3-316 x 1-308 x 4 = 
2°169 inch-tons, being precisoly the same as in the other 
position. 

Mr. Hodgkinson's experiments in Table 129 prove the correct- 
ness of this reasoning: thus, in Nos. 1, 2, 83,d xb =9 in all 
cases, and col. 7 shows that the power required to break the 
bars, or w x h, was practically the same in all: the other experi~ 
ments in the Tuble show similar results. 

(825.) * High Ratio of Safe and Breaking Dynamic Loads."— 
‘The resistance to impact being proportional to the statical load 
on a beam multiplied by the deflection produced by it, the 








ES 32 888K) * 
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result is that nocessarily the ratio between the Dynamic Safe 
and Breaking weights ia very much higher than between the 
like Statical weights. For instance, if the elasticity of a beam 
is perfect (688), the deflection being in that case exactly pro- 
portional to the weights, and say that the ratio of the Statical 
safo and breaking loads is 1 to 3, then as we have with the 
latter three times the woight and three times the deflection, we 
get 3x 8=9 times the resistance to impact; in fact, the 
Dynamic ratio is the square of the Statical ratio, and the latter 
being say 3, 4, 5, &e., the former will be 9, 16, 25, &e. 

(826,) When tho elasticity is imperfect, and the deflections 
increase more rapidly than the weights, the ratio is higher still: 
for instanco, for cast iron Table 67 shows that with a statical 

1, the deflections by cols. 8 and 11 are -0785 = 
983, or nearly 4 to 1, and the resistance to im 
to Lnearly. Table 67 also shows by col. 9 
ith n Statical Ratio of 5 to 1, has a Dynamic 
from 58-0 to 1 in Ash, to 27°1 to 1 in Elm. 


most cases the dynamic strain is uncertain as to its amount, 
being frequently the result of accident, such as the failure of a 
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rope, ke. Thus, if we arrange the proportions of a cast-iron 
beam to bear safely a falling Jond that will strain it to the limit 
of safety, say }rd of the Statical breaking weight; it will be 
strained to only ;,th of the Dynamic breaking weight ; leaving 
thns a very largo margin for sufoty : wee (786). 

(828.) Stiffness a Source of Weakness,” —In many casos stiff 
noss or rigidity is necessary ; for instance, in girders carrying 
 water-tank where undue flexure would throw a strain on the 
joints, &e., and would be likely to cause leakage if not rapture: 
but when an impulsive strain has to be borne, the most flexible 
beam is the strongest, other things being equal. For instance, 
if we had two beams whose breaking weights were the same, but 
one deflecting twice as much as tho other, then the latter would 
bear twice the strain dynamically, or a given weight falling 
double the height, de. 

(829.) It is shown in (778) that R, or the resistance to 
Tmpuact, is directly as the length of the Beam, other things being 
equal, which of course is directly contrary to the cuse of a dead 
load, whero tho strength is inversely as the length. This 
remarkable result is shown to be experimentally true by 
Table 180, where bars similar in depth and breadth, but differ~ 
ing in length, are arranged in groups. The Ratios of the 
lengths aro 2 to 1 in all casos, and col. 7 shows that R, or the 
mean resistance to Impact, is 1°99 to 1. 

(830.) “Summary of Remarkable Laws.”—There are several 
remarkuble laws of Impact which it may be interesting and 
instructive to collect from the foregoing investigation : exclud~ 
ing the effoct of Inertia for the moment we find >— 

Ist. Tho resistance to Impact, or the Resilience of a Beam, 
R, is the came whether the blow is struck at the contre or else- 
where in the length: see (809). 

2nd. In rectangular beamsof unequal dimensions the resistance 
R is the samo whether the bar is struck on its narrow, or broad 
dimension: see (824), 

8rd. With rectangular beams of tho same material, the 
resistance to Impact R is simply proportional to the weight of 
the beam between supports irrespective of the particular 
dimensions ; (821). 





‘Taste 180,—Paovixo that Restsrascr to Tat 
the Lexorn of the Beam. 





Combining 1, 2, 3, wo are conducted to this remarkable fact, 
that the weight of the rectangular beam being the same, it is im- 
material whether it be long or short, broad or narrow, deep or 
shallow. Moreover, whether the beam is struck on edge or oa 
the flat ;—in the centre or anywhere out of the centre, the result 
is the same in all cases, 

4th. The power Ris directly as the length, instead of inversely 
as for a dead load: see (829), 

5th. The power R of a beam in resisting Impact is inoreased 
by loading it with a dead load up to @ certain paint: (801). 
‘Thus by col. 9 of Table 125 it is more than doubled. 

6th. With jrd of the Breaking weight, which is the ratio 
adopted by most Engineers for the Working dead load, the 
rosistance to Impact is @ maximum ; (808). 

7th. The power required to produce given deflections in any 
beam by an impulsive strain is proportional to the defiection 
squared, not us the deflection simply, as with dead loads: (812). 

8th, The stiffest beams are the weakest, and wice verad, other 
things being equal (828), 

9th. The Ratio between the Breaking and Safo strains by 
Impact, or between R and r, is exceedingly high, being us the 
square of the Ratios with dead loads, as shown by (825), 
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IMPACT PROM ROLLING LOAD. 


(831.) “ Rolling Load at High Velocity."—When the load on a 
horizontal beam rolls over it at a high velocity, the strain 
becomes more or loss a dynamic one, but under certain limita~ 
tions as governed by the speed of the transit. Let A in 
Fig. 198 be an unloaded beam, W, a weight, which ax « dend or 
statical load deflects the beam to B. But by (775), and Table 
119, it is shown that if that same weight were laid quietly on 
the centre of the beam A and suddenly released, it would 
deflect it to O, producing doublo the deflection and thereby 
double the strain, the weight really falling as the beam deflects, 
and acting therefore as an impulsive load. 

Now let the weight W, roll horizontally upon the beam with 
a high velocity, such, that in travelling half the length of the 
beam, or from w to W, it would, if free, follow the line d, ¢, f, 
and fall by gravity from W to W,, and deflect the beam as 
before, or as when it fell vertically the same height. The hori- 
zontal velocity necessary to effect this, is easily calenlated :— 
for instance, let the beam be 10 fect long between bearings, and 
the dynamic deflection A C,= 4 inches. Then by the laws of 
falling bodies :— 


(882.) t= J(h + 193), 


in which h= the height fallen in inches, and ¢=time in 
soconds, we obtain in our case (4 + 193) ,f = - 144 second, in 
which time the weight must travel half the length of the beam, or 
5 fect, hence its horizontal velocity must be 6 + +144 = 84 feot 
per second, or 84 x 8600 + 5280 = 28-18 miles per hour. 
In this case then, a load passing over this beam at a velocity of 
23°18 miles per hour, will deflect that beam, and thereby 
strain it to the same oxtent as a double load acting asa dead 
weight; or, in other words, the strain with any load is doubled 
on this particular beam by a horizontal velocity of 23-18 miles 
per hour. The deflection is a maximum with this velocity, that 
is to say, with » higher or a lower velocity the deflection would 
be lees. With a higher velocity the weight W would not have 
time to fall the height A, C, or 4 inches:—for instanco, with 
. 
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(885,) Table 131 gives the results of experiments by Captain 
James, on Cast-iron bars of various sizes, all 9 feet long, the 
effect of velocity being hero shown not as affecting the deflec~ 
tion, but as governing the breaking weight. In these experi- 
monta, the breaking statical weight was first found for each size 
of bar and the corresponding ultimate deflection; then lighter 
loads were caused to pass over similar bars at a certain fixed 
velocity, the loud being increased continuously by incrementa 
of 56 lbs. until the bar broke, é&e. 

Theoretically, as we have secon n (776), the rolling load with 
which the beam breaks should be half the equivalent dead 
weight, the maximum effect being attained by « certain velocity 
such that the rolling body can fall by gravity the height due 
to the ultimate deflection in the same time as it takes to traverse 
the half-length of the beam. 


TaBLe 131,—Of the Strenorn of Beams of Cagr Inox, 9 feet long, 
to bear Loads rolling over them at different Velocities. 


Velocity |d=14 inch, Dt inches) d= 2 inches, = Linch, | d= Sinckies, Y= 1 tach 





Bresking Breaky 
| Weight, | Ration | “Weignee Weight. 


ibe. 
2075 1-000 
1649 95 


(886.) We can calculate with approximate accuracy the 
velocities with which the different bars should break :—thus, 
the observed ultimate deflection of the 3 x l-inch bars was 
2°25 inches; the load would fall that height by gravity by the 
Rule ($32) in (2°25 + 193) = 0-107 second, and as the 
rolling load has to travel half the length of a 9-foot bar, or 
44 feet in that time, its horizontal velocity must be 4°5 + 
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increase of 28 Ibs. only, or 5 por cont., which ia so small that 
it may be neglected with impunity. 

(838.) But where the weight of the beam is great in propor- 
tion to the falling load, the case is very different. Say we have 
a beam weighing 2 tons between bearings, its inertia being 
therefore 1 ton, and that a rolling load was calculated to pro- 
duce a deflection of 2 inches when the inortia was noglocted, 
then the effect of the inertia would be to reduce the deflection 


to2x = 1 inch, or to half. In that case the rolling 


1 
141 
load might be increased to 2 tons, and the dynamic deflection 
would then be 2 inches, or the same as that dus to a statical or 
dead load of 2 tons, the inertia doubling the power of this 
particular beam in resisting a falling or rolling load. 

(839.) In most practical casos of Railway bridges the highest 
attainable velocity is very much below that which we have 
shown (832) to be necessary, in order to obtain the maximum 
dynamic deflection. This fact, together with the resistance 
from the inertia of the bridgo itself, eausea the deflection from a 
rolling loud to be in most cases very slightly in excess of the 
statical deflection from a dead load. Thus, in the caso of the 
Ewell bridge experimented upon by HM. Commissioners, 
tho length between bearings was 48 fect, the weight of the 
bridge 30 tons, hence its inertin = 16 tons, and the central 
statical deflection produced by an Engine and Tender weighing 
89 tons, was 215 inch. With velocities of 


0 25 30-9 92-3 58°7 
feet per second, or, 
° 7 ci 22 86-6 
miles per hour, the central deflections were 
“215-218 +290 7205 “245 +285 


inches respectively, which are irregular, and increase very 
slightly with increase of velocity; this is what might have 
been expected, as wo shall see. 

(840.) We have shown ($31) that at a certain horizontal 
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(842.) Table 182 gives the general results of Mr. Fairbairn’s 
experiments; they were for the most part on tubes without 
cross-joints, and with one longitudinal joint only, a fact which 
it is necessary to observe, as the strength is affected by it con- 
siderably (848). Direct evidence of tho effect of length is given 
by many of these experiments; for example, Nos. 4, 5, and 9 
were all of the same dimensions except the lengths, which were 
in the ratio 1, 2, 3; col. 4 shows that the strengths were almost 
precisely in inverse ratio, or 8, 2, 1, being in fact 140, 98, and 
47 Ibs. respectively. 

(848.) In five casos the ends of the tubes wore freo, in all the 
rest they were fixed as with an ordinary boiler fluo, but either 
way the result was about the same. We should expect the 
pressure to be less with free ends than with fixed ones, but this 
result was realised in two cases only, Nos. 1 and 16, the differ- 
ence by col. 6, being 11-6 and 14 per cent, only. In the other 
three cases the froc-ended tubes wore slronger than the average, 
Nos. 5, 9, and 19 giving 11-8, 12-7, and 4°5 per cent, rospee- 
tively: it would appear from this, that fixing the ends of a tube 
has no effect on the strength; which again is an unexpected 
result. No, 28 was not collapsed by 450 Ibs. per square inch, 
nor was it likely to fail with that pressure, the calculated 
collapsing strain being 1996 Ibs. by col. 5. 

(844.) The tube No. 33 was of Stool, with which we shonld 
have expected greater strength than with iron, but a comparison 
of cols, 4 and 5 shows that the calculated prossure by the Rules 
for iron tubes = 298 Ibs., but experiment gave with steel 
220 Ibs. only, showing that for some unknown reason, the 
strength of the steel tube was 26 per cent. Jess than that of an 
iron one, which is an unsatisfactory result requiring farther 
experimental investigation: a similar anomaly, however, was 
observed with stecl chain (102),. 

From these experiments Mr. Fairbairn obtains for cylindrical 
wrought-iron tubes the Rules :— 


(845.) P= 83-6 x (1004)*” + (L x dp. 


(846.) = p = 86 x (1004"" + (Lx dp. 
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Tn which 
P = the collapsing prossuro, in pounds per square inch. 
the safe working ,, a 
diameter of tube, in inches, 
thickness of plate, in inches. 
L = length of tube, in feet. 


The col. 5 in Table 152, from No. 1 to No. 29 inclusive, hus 
been calculated by this rale, 

(847.) ‘To find (1004) we must use logarithms; thus, for 
} inch we have 100 x -125 = 12-5, the logurithm of which, or 
1-09691 x 2°19 = 24023, the natural number due to which, or 
252°5, is tho 2°19 power required: col. 5 of Tablo 188 has bean 
calculated in this way. Thus to calculate No. 29-in Table 182, 
we take (100 x *25)°" = 1152 from col. 6 of Table 133, then 
the rule (845) becomes P = 33-6 x 1152 + (5-083 x 18}) = 
406 Ibs.; experiment gave 420 Ibs.: henee 406 + 420 =-967, 
and 1:0 —-967 =-033, or an error of ~ 3-3 per cont., as in 
ool. 6, 

(848.) % Tuber with Ordinary Riveted Joints."—It should be 
observed that the small experimental tubes from which the rule 
(845) was derived were virtually joinéless, for although they 
had for the most part one longitudinal seam or joint, the 
collapsing strength would not be affected thereby. When a 
cylindrical tube, Fig. 191, is compressed into an ellipsis the 
parts from m to n and from o to p are flattened, while those 
from m too and m to p are more curved, but at some point 
betwoen E, H, ée,, the curvature and the position or distance 
from the centre are unchanged, Tf, therefore, the longitudinal 
joint took up its position at one of those points, which it would 
be eure to do in consequence of its superior strength over other 
parts of the tube, it would be subjected to no special strain, and 
would ndd nothing to the normal strength of a jointless tubo, 

(849.) With ordinary boiler flues there are usually numerous 
lap-joints, both cross-ways and longitudinally : at evory cross- 
joint there is of course a double thickness of metal, which will 
act partially as a ring (862), not so porfect in its effect as a 
strong ring of 1 or L iron, but still very influential on the 

Lar 
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to the effect of strong rings at each joint: for example, a boiler 
tube say 24 feet long, would have cross-joints about every 
3 fect, and with strong rings, the collapsing pressure would 
be 24 + 8 = 8 times that due with a 24-foot tube, but the lap- 
joints, as we have seen, add only 47 per cent. to the strength. 

‘The rules in (845), &c., show that P x L x d is constant for 
the same thickness of plate, hence we have for tubes without 
joints the rales :— 

(853.) Px Lxd=33°6 x (L00#)*. 

(854.) pxLxd=5-6 x (1004"™. 

And for ordinary boiler tabes with lap-joints longitudinally and 
cross-ways the rules :— 

(855.) Px Lxd=49-3 x (1000, 

(856.) pxbxd=8-2x (1009, 

Tables 133 have been calculated by these rales, and from 
them the strength or thickness of any tube may be easily found 
by the rules:— 

(857.) P=T, +(L x d). 

(858.) p=T,+ (Lx d). 

(859.) T.=PxLbxd 

(860.) T=pxLxd, 

Tn which T, = the Tabular number for collapsing strain given 
by col. 1 or col. 8 in Table 133, and T, = the Tabular number 
for the working strain by col. 2 or 4. For example, to find the 
collapsing pressure of a boiler fluc with ordinary joints, 
42 inches diameter, 35 fect long, and } thick, wo take T, from 
Table 133 at 138,100, and we obtain 138100 + (35 x 42) = 
94 Ibs. per square inch: see No. 31 in Table 132. 

Again, soy that we required the thickness of plate for a tabe 
26 inches diameter, 20 feet long, to bear safely a working 
pressure of 45 Ibs. per square inch; then the rule T, = p x L 
x d, becomes 45 x 20 x 86 = 82400, the nearest number to 
which in col. 2 of Table 133, is $2,250, opposite yy inch, the 
required thickness, dc. 
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Tante 185.—Of the Srrexora of Bornrk Tones without Jorrs, 
in Resistixe Extensa Pressure. 
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greatest length, or 21-5 inches. In many cases it would be 
commercially economical to use a thin plate with one or more 
rings, rather than a thick plate without such support. For 
example, a tube 86 inches diamotor, 30 fect long, } inch thick, 
would give 1200 +30 = 40 Ibs, per square inch working pres- 
sure:—with a ring in the centre the effective length becomes 
15 feet, and with gay } plate, the working pressure = 640 > 15 
= 42-7 Iba, and this no doubt would be the most economical. 

(863.) There are, however, some practical objections to rings 
of L or T iron riveted or screwed on the tube in the usual 
manner, one being the risk of leakage at the rivet-holes, and 
another, that the thickness of metal at tho flango of the angle- 
iron will cause the boiler-plate at that point to be unduly heated, 
and a more or less destructive action to be set up. 

An ingonious method of overcoming both of these objections 
is shown by Fig. 191, in which a cylindrical tubo, A, B, C, D, 
is collapsed into the oval B,F,G,H. This change of form 
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cases we have, doos not give satisfactory results, and if we 
apply it to extreme cases of very fiat oval tubes we should 
obtain results that are manifestly incorrect, For example, in 
Fig. 195, A is a tube 12 x 2, and B another, 12 x 1: now by 
the rule (865), B should bear half only of the pressure due 
with A, bat obviously there would be no such difference in the 
strength as 2 to 1; on the contrary, we feel instinctively that 
there would be so little difference that practically they would 
collapse with one and the same pressure. Now, a rulo that 
fails with extreme cases, will bo very likely to be incorrect in 
all other cases, although in a leas degree; in fuct, the laws 
governing oval tubes differ entirely form those dominating 
cylindrical ones, and the two forms cannot be assimilated so 
ag to enable both to be calculated by the samo rule, 

(867.) We have seen in (841) that, theoretically at least, the 
strain due to external pressure ona perfectly cylindrical tube 
is simply a crushing one. But when an oval, A, B, ©, D, 
Fig. 191, is compressed into another, EB, F, G, H, the carvature 
from m to n and from o to p is flattened, while from m to o and 
from n to p the curvature is increased. In cither caso, this 
increase or decrease of curvature is resisted by the natural 
stiffness of the material, the strain thus generated being a 
transverse one. 

Let Fig. 194 be a tube 1 x 2 inches, and, for the purpose of 
illustration, 1 inch deep, subjected to an external fluid preesure 
in all directions. We may assume that the pressure in the 
direction of the arrows a, a, tends to flatten the ellipsis and 
collapse the tube, but the pressure in the direction b, b, tends, 
on the contrary, to restore the tubo to a circular form, and 
to partially counteract the collapsing tendency of the pressure 
a, a. But inasmuch as the area on which a acts is in our case 
double that on which b acta, the final tendency will be to eol- 
lapse. In all cases the collapsing pressure is a differential one, 
being, in fact, the difference between the strain due to the two 
pressures from a and b. 

(868.) Say that the pressures a and b were 300 Ibs. persquare 
inch, then the strain from a, a, acting on two square inches, 
would be 300 x 2 = 600 Ibs. and the strain from 6, b = 300 x 
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Thus, with the five oval tubes we have coneiderod, the minor 
axes being 1 inch in all cases, and 
‘The major axes being 8 4 5S Ginches., 
‘The gross total pressures: 00 800 200 150 120 Ibs., 
‘The pressures per square inch = 300 100 50 30 20 Iba, 
the results of these analytical investigations may be repre- 
sented by the rale:— 

600 

(869.) ae 
Thos, with an oval tubo 2 x 1, we havo P= 7 SES _ 
800 Ibs. per square inch:—with another, 6 x 1, we obtain 

600 
P= @=)xe- 20 Ibs,, &o,, &e., a8 before. 

These numbers give Ratios only for the strength of oval 
tubes of varying proportions but all of tho same thickness and 
length, the special object being to investigate the laws by which 
the two diameters govern the strength. Theoretically the 
strength should vary as & directly, and as d inversely, and bo 
independent of the length of the boiler, but we have seen that 
in the case of cylindrical tubes the theory was incorreet (841), 
and we must assume, in the absence of experiments on oval 
tubes of various Iengthe and thicknesses, that the strength 
of elliptical tubes, like that of cylindrical ones, is directly as @” 
and inversely as the length; we then have the rule:— 

(100.0 x 61-4 
(A-—a)xAxL” 


In which A = the major and @ = the minor axis in inches, L = 
the length of the tube in feet, P = pressure in Ibs, per square 
inch, and ¢ = the thickness in inches. 
With experiment No. 85 in Table 182 this rule becomes 
(100 x +25)" x 61-4 Co tcap ees 
P= = (20164) x 20} x 5-083 = 127-7 lbs. : experiment gave 
197-5 lbs. Again, with No. 34, we obtain 
(100 x +048)" x 61-4 , 
P= "Ga —10}) x 14x 6 = 584 Ihe.: 


(870) P= 
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(876.) Thus with No. 35 in Table 192 we obtained 127-7 Ibs. 
by ono rule (870), and 274 Ibs. by the other (845); and we may 
admit the lower result to be correct ; a conclusion supported by 


experiment, which gave 127-5 Ibs. 


Bat in experiment No. 32 we had a tube very nearly cylin- 
drical, there being a difference in the two diameters of yj; inch 
only. We know beforchand that the rule in (870) will not 
apply to such a case. Nevertheless, for the sake of illustration, 
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diameter: another, 12 x 10, gives 58-92 + 70°7 = -83, or 
83. per cent. 

The strength with } inch thicknoss and a cylindrical 12-inch 
tube being 1-0, would be reduced to half with 12 x 8-8 inches ; 
to one-third with 12 x 6} inches; to one-fourth with 12 x 
4} inches ; to one-fifth with 12 x 8 inches; and to one-sixth 
with 12 x Linch, These relative proportions, howover, must 
not be taken as establishing general ratios for other sizes: for 
example, a tube 12 x 9 x J collapses by col. 6 with «6082 of 
the pressure due to a 12-inch cylinder, and we might expect 
that the same ratio would prevail for other sizes where the pro~ 
portions were the same; but the Table shows, col. 6, that with 
double sizes, or 24 x 18 x 4, the mtio is - 3044, or half only; 
and with triple sizes, or 86 x 27 x j, the ratio is «2030, or 
one-third only of that with a tube of one-third the size and 
thickness, de. 

(878.) Table 132 gives a goneral comparison of experimental 
with calculated strengths: Nos. 1 to 29 were calculated by the 
rule for jointless tubos (845); Nos. 30,91 by the rale for lap- 
jointed tubes (850); Nos. 32, 38 by the rule for slightly oval 
tubes (874); and Nos. 34, 35 by the rule for decidedly oval 
tubes (870). Omitting Nos. 25, 26, which were anomalous, and 
No. 28, which was not strained to the collapsing point, we have 
from 1 to $1 inclusive, five whose error (col. 6) = 0; 11 gave 
+ errors, the sum of which = 131-4; 12 gavo — errors, the sum 
being 114*1. Hence 131-4 — 114-1 = + 17-3, which with 
28 comparable experiments gives an avorage error of 17-3 — 
28 = + 0-618, or leas than § per cent. 

(879.) “Factor of Safely.” —For general purposes the 
Factor 6, as given by Mr. Fairbairn, may be usually admitted 
for Boilers with both internal and external proskures, but in 
practice a much lower Factor is very often permitted with both 
strains. 

The two boilers Nos. 30 and 31 in Table 182 wero intended 
for 40 Ibs. per square inch, and were no doubt worked at that 
pressure, but, as shown by col. 4, the collapsing pressures were 
127 and 97 Ibs, respectively, giving as the value of the Factor, 
1297 + 40 = 8-2 and 97 + 40 = 2-42 only. It is shown in 
(78) that with internal pressures, the Ractor commonly wari vo 
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‘as in the case of tho beam, piston-rod, &c., of ordinary steam- 
engines, double-acting pump-rods, &c. 

(882.) “ Variableness in Materials."—Besides the variations 
due to methods of loading, there are at least three others due 
to the materials themselves, and we have, 5th, the natural 
variablencss in the strength of all materials, even those of 
apparently the same kind and quality (957); 6th, deterioration 
from age and decay in euch matorials as timber, ropes, &e., and 
from rust in the case of wrought iron, especially when exposed 
to the weather; and 7th, the effect of thickness or size of 
casting with cast iron, and probably other cast metals (931). 

It will not be necessary, however, to consider each case in 
detail under these several heads; for practical purposes it 
will be more convenient to take a Factor so high as to cover 
many of these contingencies, and we may then reduce the 
cases to Ist, a dead load; 2nd, a rapidly rolling load; Srd, an 
intermittent load; and 4th, an alternating strain in opposite 
directions. See (960) for Real and apparent “ Factors of 
Safety.” 

We shall in this Chapter confine ourselves to the simple case 
of a dead, or statical load ; having found the proper value of 
the Factor of Safety for that case, the modifications necessary 
for other conditions will be considered in the Chapters on 
Fatigue (908), Impact (774), &e. 

(883.) The earlier writers, Tredgold and others, finding that 
with {rd of the broaking weight, beams of cast iron, &., bogan 
to show signs of distress by taking a permanent set (752), 
assumed that strain to be tho limit of elasticity, and therefore 
that 3 should be the Factor of Safety for cast iron. It was 
considered that with loads not exceeding that limit materials 
would be quite uninjored, but that with greater loads a beam 
would go on increasing in deflection with time, until at a period 
more or less remote it would finally break. The Factor 3, 
based on theso conclusions, has been almost universally accepted 
for dead loads by practical men, although Mr. Hodgkinson’s 
experiments have shown long ago that, Ist, with cast iron 
particularly there is no such point as the limit of elasticity, or 
any strain, however small, with which there would be no 

Qe 
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for all strains with ordinary thicknossos of cast iron, applying 
subsequently the correction for size of casting where necessary 
(932). For example, with a cast-iron girder whose breaking 
weight calculated by the ordinary Multiplier (335) is 30 tons, 
wo haye 30 + 3 = 10 tons safe load if the thickness of metal 
differs little from 1 inch ; but if the thickness (of the bottom 
flange more particularly) is about 2 inchos, wo have 10 x -72 
= 7-2 tons; and if 3 inches thick, then 10 x -62 = 6-2 tons 
safe dead load. 

(886.) “ Wrought Iron.”—The Diagram, Fig, 215, shows that 
under tensile and compressive strains wrought iron practically 
fails with 12 or 13 tons per square inch, the extensions and 
compressions becoming excessive and increasing with time. 
The mean tonsile breaking weight is 25-7 tons, as shown by 
Table 1; evidently, therefore, the iron begins to be erippled with 
half the breaking weight, and 2 would be too low for the 
Factor of Safety even if we were sure that the iron was of 
average quality. Besides, Table 149 shows that if the bar 
happens to be of weak iron, Factor 2 wonld really become 
2x77 =1-54, and the bar would be very much overstrained. 
Factor 8 bocomes $ x *77 = 2-3, which as the diagrams show 
by * * may be safely pormittod. 

We may therefore admit 3 as the Factor of Safety with all 
strains on wrought iron :—thus the safe tensile strain becomes aay 
95-7 + $= 8-6 tons per square inch with bar iron; and 
21-6 +83 = 7-2 tons, with plate iron, de. 

(887.) “Steel.” —'The clasticity of stool under transverse 
strains is wonderfully perfect as shown by the Diagram, 
Fig. 211, where a bar of untempored steel shows no appreciable 
signs of distress with even ths of the ultimate strain, or that 
with which the bar sinks down completely. In such « case we 
might admit that the bar might be loaded safely to 4 the 
ultimate strength, or that the Fuctor might be = 2. But 
Table 149 shows that tho variableness in the tensile strongth 
of steel is very great, namely *68, the mean strength being 1-0, 
hence if a weak bar is loaded with 4 the ultimate load due 
to an average bar it would evidently be strained to 4 -—~ -68 
= ‘73, or but little less than } of its own ultimate strength, 

2nd 
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strongth of timber exposed to the destructive action of the 
elemonts is very difficult to estimate, there being, in fact, no 
limit to the extent to which the material may be weakened from 
that cause. Mr. Bevan found that Oak from an old pile taken 
out of the bed of a river, had a tensile strongth of 4500 Ibs. per 
square inch only, which is 23 per cent. only of the mean strongth 
of sound oak. If it is deamed necessary in any structure 
exposed to air and water, to provide for the eventuality of decay, 
the Factor of Safety should not be lees than 10 for a dead 
load, when the mean strength of sound timber is taken as the 
basis of calculation :—evidently in the case of Mr. Bevan's oak 
pile that factor would in effect be reduced to 10 x -23 = 2-3, 

(891.) “Stone, Slate, Brickwork, dc.”—Except for the crush- 
ing strain, our experimental knowledge of these materials is 
limited, and we have little else but judgment to guide us in 
fixing the value of the Factor of Safety :—they are all weak in 
resisting Impact, and as in many cases an unexpected blow may 
have to be borne, it will be well to make the Factor higher 
than would otherwise be necessary, say 4. Table 149 shows 
that for brick exposed to transverse strains 4 may become in 
offect 4 x *75 = 8 with a weak specimen ; and that for crush- 
ing strains 4 may be reduced to 4 x -5 = 2 in the case of Red 
Sandstone; and to 4 x -58= 2-82 in the case of Granite. 
‘These reduced numbers show that it is not prudent to adopt a 
Factor lower than 4 for these materials, 

(892.) Collecting these results, we obtain for ordinary cases 
the series of Ratios and Factors of Safety in Table 187. 
Special cases, which are very numerous, require special Factors 
obtained direct from experience, and this is very often the only 
safe course; the modifying circumstances are in practice 60 
numerous and so complex that satisfactory results are not to be 
obtained in any other way. Table 138 gives the Ratios of the 
Breaking, Proof, and Working Loads, with spocial reference to 
Railway Bridges, &e., according to the judgment of our most 
eminent Engineers, as given in Evidenee before H.M. Com- 
missioners. Of these, R. Stephenson, W. Fairbairn, J. Hawkshaw, 
J. Cubitt, and P. W. Barlow, have adopted the Factor 6, as the 
best for general Railway purposes. It is shown in (491) that 








FACTOR OF SAFETY: PROOF STRAIN. 4m 


with very large structures, the highest possible Factor = 4, being 
limited by the great weight of the Beam itself. 


PROOV STRAIN, 

(893.) The great object of testing or proving Materials is to 
obtain thereby a guaranteo that they will eafely bear the per- 
manent load assigned to them. To secure that purpose satis- 
factorily it will not suffice to test up to the working load only: 
it is necessary to allow an excess of strength to cover the 
possible contingencies of irregularities in loading, or imper- 
fection in quality. In considering the proper value of the 
“Proof Strain” there are two different bases to calculate from, 
Ist, by making the Proof Strain a given fraction of the Break- 
ing Weight, and 2nd, by making it w given multiple of the 
working load. If the Factor were constant for all materials, 
the two methods would be identical in their results; but as we 
have seen, that Factor has a variable value, which alters the 
case. Thus, say wo take the Factor at 3, and allow the Proof 
Strain to be half the breaking weight; then the Breaking, 
Proof, and Working Strains would be in the ratio 1, 4, 4, the 
Proof Strain being 4 + 4 = 1°50, or 50 per cent. in excesa of 
the working load. But with Factor 5, if we made the proof 
strain half the breaking weight as before, we should evidently 
havo 1, 4, } 8 the ratios of the threo strains, and in that case the 
proof strain would have been 4 + } = 2°50, or 150 per cent, in 
excess of the working load. 

(894.) Considering that the special object of testing has 
direct reference to the safe endurance of the working load, it 
scoms expedient to take that load as the basis, rather than the 
breaking weight, 

Tho earlicr authorities considered that trd of the breaking 
woight was the “ limit of elasticity,” and that materials would 
be permanently injured by heavier strains. Althongh that con- 
clusion has been proved to be incorrect (883), the notion still 
lingers in the minds of practical men, some of whom, such ag 
Brunel, object to the testing of materials beyond the permanent 
working lond which they are intended to carry. This would, 
however, be an obviously unsafe practice, for there might be 
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iron as that used for the Girders, usually two or three times a 
day at given intervals. These sample test-bars are then 
subjected to transverse strain, and the breaking weights are 
roquired to come up to a certain standard load fixed by the 
Enginoers, the Girders being rejected if the test-bars fail to 
come up to that standard. Thus the “ Factor of Safety” is 
determined by Test-bars. 

Another test-standard is to give a certain minimum tensile 
strength for the iron, in which case the iron used for the 
girders is cast at intervals as before in forms suitable for being 
torn asunder, and is required to bear a given strain per square 
inch. 

(897.) It has been doubted, however, whether the strongth of 
girders of ordinary sections will be simply proportional to the 
transverse strength of such “'Test-Bars,” or to the tensile 
strength of the iron as thus taken. Mr. Berkley made some 
valuable experiments for the purpose of settling this question, 
the reduced results of which are given by Table 139. The 
girders were ali of the ordinary double-flanged type recom- 
mended by Mr. Hodgkinson and used in his experiments, the 
depth being 5} inches and the length 44 feet between bearings, 
the other dimensions are given by Figs. 197, 198, 199. Thus 
No. 4 broke with 16,730 Ibs., or 3846 Ibs. per square inch of 
sectional area, when the test-bar (cast from the same iron), 
2 inches deep, 1 inch wide, broke with 25 owt. in the centre, 
and the tensile strength = 7-142 tons per square inch. 

(898.) By judicious mixture a stronger iron was obtained 
which gave 36 cwt. for the transverse strength of test-bar, and 
a tensile strength of 18-3 tons per square inch, us in No. 6; 
and the question was whether the girders would bo stronger in 
the ratio of the transverse strengths 36 to 25, or in that of the 
tonsilo strongths 13°83 to 7°142. By the test-bar ratio the 
girder in tho strong iron should break with 3346 x 36 + 26 
= 4818 Ibs. per square inch of section, but the actual breaking 
weight was 5309 Ibs., henee 4818 + 5309 = -908, showing 
a deficit by the test-bar Ratio of 1-0 — -908 =+092, or 9-2 


per cent. 
Again: by the tensile ratio we obtain 8346 x 18-8 + 7-142 








FACTOR OF SAYETT: THST-DARS, 475 


Grapes, and the Transverse and Texstrn Srnexotm of the 
‘Teet-BaRs, 
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60 per cent, over ordinary cast iron, while the tensile test gave 
74 por cent., as in col. 5 of Table 143; but when cast in large 
girders of Mr. Hodgkinson’s form, the increase was only 
86°6 per cent., as shown by Mr. Owen's experiments in 
Table 68. In that case, therefore, it is evidently unsafe to 
calculate the strength of the girders from either the transverse 
or tonsilo test-bars. This is the more remarkable because it is 
the royerse of Mr, Borkley’s results with ordinary iron, where 
the transverse test-bars gave too low a rosult, the moan of col. 9 
in Table 189 being — 12-1 per cent. But with Stirling's iron 
the transverse test-bare gave 60 — 86°6 = — 23-4, and the 
tensile 74 — 36:6 = — 87°4 per cont. too high (940). 

(901.) It is evident from all this, that the ordinary test-bar, 
and tensile tests are onsatisfactory : a more reliable test would 
be given by the use of “Unit” girders, as in (485), that is to 
say, by making a model girder to a small scale with precisely 
the same cross-sectional proportions as the full-sized girders, 
and calculating the latter from that of the model in the manner 
explained and illustrated in (483). 

(902.) In cols. 12, 15, 14, 15 of Tuble 139, the effect on the 
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“Constant Load."—The effect of constant tensile strains on 
wrought iron is shown by cols. 4, 4, in Tables, 94, 95; thus, by 
the latter, with 17-86 tons per square inch, fatigue was mani- 
fested by the extensions continuing to increase with time, but at 
a diminishing rate: the lst hour gave an increase of 14-5 por 
cont,; the next 15-5 — 14-5 = 1 per cont; the next 16°3 — 
15°5 = 0°8 per cont., &e., up to 7 hours, when it continued 
constant up to 10 hours. Evon with the heavy strain of 22-63 
tons per square inch, or about 22-63 + 25-7 = -88, or 88 per 
cent. of the breaking weight, the extensions inereased only -08 
per cent. in 7 hours, and then remained stationary up to 12 
hours. It would scem from this that fatigue manifests iteolf 
with moderate strains even more than with heavy ones, which 
is very remarkable. 

(905.) Mr. Fairbairn’s experiments on cast-iron bars strained 
transversely lead to the same conclusion ; it was found that in a 


series of bara subjected to constant dead loads for long periods, 
those with the lightest loads manifested the most distress from 
fatigue by increase in deflections ; thus when strained to 


eo 7% 88 100 nearly 
per cent. of the ultimate or breaking weights for periods of 

EJ 5 5 5 
years, the increase in deflection from fatigue in those times was 

el i4 86 28 
per cent. respectively ; these were tho maximum results in each 
case. It was found that the deflections increased the moat 
considerably during the first weeks and months up to 12 or 
15 months, and then became constant or nearly so. One bar 
loaded up to the very breaking weight for 5 years, had not any 
greater deflection than it had taken 8 or 4 years before, and 
Mr, Hodgkinson concludes that it is probably a law with cast 
iron that the deflection, &e., will go on increasing with time at 
first until it becomes « certain quantity, beyond which it will 
no longer inerease, but becomes stationary:—We have seen 
(904) that wrought iron under tensile strains seems to follow a 
similar law. 
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approximating to the breaking weight for indefinite periods 
without apparent injury. But where the load is variable, being 
wholly or partially relieved and laid on again continuously, the 
case is entirely altered. 

This caso divides itself into two very different conditions. 
1st, where the load is variable, but acts in one direction only 
a8, for instance, with the rods of single-acting pumps; and, 2nd, 
strains acting alternately in opposite directions, as ie the cage 
with double-acting pump-rods, and many of the parts of ordinary 
stoam-engines:—for example, in w piston-rod the strains are 
alternately tensile on the down-stroke and compressive on the 
up-stroke, de. 

(909.) “Zoad in One Direction only."—This case must be sub- 
divided into two different conditions. 1st, “ Intermittent Strains,” 
where the load is entirely relieved and laid on again con- 
tinuously without shock ; and, 2nd, “ Differential Strains,” where 
tho load is intermittent, but is only partially relieved at each 
stroke, 

1st, Wéhler’s experiments have shown that where the load is 
totally relieved each time, the best fibrous wrought iron breaks 
with tensile strains of 15 to 18 tons per square inch; the mean 
is 16-6 tons, and as the mean strength for a constant dead load 
is 25-7 tons, as shown by Table 1, we have the ratio 165 — 
25-7 = +64 or § nearly. 

Soft stoel was found by Wébler to give under similar con- 
ditions of entirely relieved strain, from 22-5 to 25 tona per 
square inch; the mean is 23-7 tons, and as by Table 1 the 
mean tensile strength of steel for dead loads is 47°8 tons, we 
have the ratio 23-7+47-8 =-5, which, being less than the 
mitio for wrought iron, secms to indicate less perfuct elasticity, 
and must be incorrect. We will therefore assume that with 
totally relieved strains the breaking weight of steel is $ of the 
statical breaking weight, or the same ratio as for wrought 
iron. 

(910.) For cast iron we have the experiments of Mr. Hodg- 
Idinson and Captain James, the leading resulta of which are 
given in Table 140. In James’ experiments the beams wero 
deflected by cams revolving from 4 to 7 times per minute ; one 
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‘Taste 140.—Of the Resteraxce of Brams to Faricue, from the 
Exrxenursts of Mr, Hopaxissox and Captain James, R.E. 


Prution of the 


b,| Ultimate | Breaking 
Dettestion,| Weight 


Changes of 
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Castiron Bara, subjected to Blows: Hodgkinson, 





Broke. 
a ot broken, 2. 


Not broken, 3. 
Not broken. 
Broke. 


Not broken, 
Broke. 
Broke. 

Not broken. 
Broke, 

Broke. 

Broke. 
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In which W =the maximum, and w the minimum alternating 
loads; Wy) = the equivalent dead load: R, = the Ratio of the 
effect of an Intermittent load, that of the same load acting as a 
dead weight being 1-0 as given in (909) to (911): for Cast 
iron R, = 3, for Wrought iron and Steel = j. The value of 
R, for other materials is given by the “ Ratios” in Table 141: 
thus for wrought Copper and Brass, Slate, &c., it is = 2, and 
for Cast Metals generally = 3. 

We may now apply Rule (918) to Wohler’s experiments in 


(912): with 35 and 12} tons on the Steel bar Wy ={35 —12'5) 
x a} 412-5 = 46-95 tons por equaro inch, as tho equivalent 
doad load: with 40 and 20 tons, we obtain Wy = {40 — 20) 


x i} +20 = 50 tons dead load, being nearly the samo aa 
the other, as found by Wobler. Tho mean of the two is 
(46-25 + 50) +2 = 48-13 tons per square inch, which isalmost 
prociscly the mean tensile strength of Stool, which may be taken 
at 48 tans: soo Table 1. Wohlor found, as wo have seen, that 
if the samo maximum load of 40 tons be wholly relieved each 
time, the bar would broak, which it would be very likely to do, 


for we havo thon W, = {40 —0) x j}+0=60 tons per 


square inch, oquivalont dead load. 

(914.) The mean Statical Breaking weight of Steel being 
48 tons per square inch tensile strain, then with Factor 3 we 
have 48 — 3 = 16 tons working dead load, which with an inter- 
mittent strain becomes 16 x = 10°7 tons off-and-on. With 
differential strains; we may find the effect of different londs by 
Rule (913), observing that it must never exeoed Wo, the dead 
load which tho material should bear, or in our case 16 tons por 
square iuch : then 


With 10-7 and 0-0 tons, tho difference = 10-7 tons, and 


We {10-7 = 0-0) x a} 40:0 = 16 tons, 
212 








PATIOUR: ALTERNATING DREAD LOADS, 
With 458 and 853 Ibs,, the difference = 105 Ibs, and 
Wo = {458 — 853) x 3} + 353 = 688 Ibs. 
With 600 and 556 Ibs., the difference = 44 Ibs., and 
Win {800 — 656) x st + 556 = 688 Ibs, 
With 660 and 646 Ibs., the difference = 14 Ibs. and 
Wp = {60 — 646) x st + 646 = 688 Ibs. 
With 685 and 683-5 Ibs., the difference = 1-5 Ibs., and 
Wp = {eas = 688-5) x a} + 683-5 = 688 Iba. 


Cases of differential Strain are very numerous in practice = 
thus, in a Railway bridge, the weight of the structure itself is 
the minimum, and that weight plus the weight of the train is 
the maximum. Again, with long rods to deep-well pumps the 
maximum strain is the proseure on the bucket due to the head 
of water added to the weight of the rods, &e.; the minimum 
strain being the latter alone, &e. 

(915.) Alternating Strains." —Whon a stroin is alternately 
tonsile and compressive, as, for instance, with the piston-rod of 
a stoam-ongine, or again, when the transverse strain on a beam 
acts in both directions, up-and-down, resolving itself eventually 
into alternating tensile and crushing strains, the destructive 
notion or tendeney to break is very severe. Indeed, instinct 
teachos us that the easiost mode of breaking anything is to bend 
it to-and-fro repeatedly, a very moderate strain thus exerted 
eufficing to effect the purpose. 

From Wohler’s experiments it appears that the destructive 
effect of alternate strains in opposite directions is exprossed 
by the «um of those strains :—thus 5 tons tensile, alternating 
with 5 tons compressive strain is, in its tendency to broak the 
material, equivalent to 10 tons acting intermittently or off-and- 
on in one direction only. 

With wrought jron we found in (914) that the safe inter- 
mittent tensile strain was 5-7 tons per square inch; the com- 
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plication which arises from tnequal tensile and compressive 
strength in the material is eliminated, for although tho former 
strains resolve themselves eventually into the tensile and com- 
pressive, the inequalities of strongth adjust themselves to one 
another, and tho transverse strength is the mean effect of the 
two combined. 

An alternating transverse strain is very common in practice ; 
the beam of an ordinary steam-engine, and the lever workin; 
double-acting pump aro familiar instances. Another caso i8 
that of an over-hung axlo heavily loaded at the ond, as in 
Fig. 204: if the axle were stationary it would simply be de- 
flected from A, its normal position, to B. If while thus strained 
the axle could make half a revolution, it would evidently be 
carried round to the position OC, but the weight W continuing 
to act, it is retained in the position B. Thus at every revolu- 
tion, the shaft is in effect strained both ways, or up and down, 
namely, from B to ©, and, as shown by Wohler’s experiments 
(915), the destructive effect is proportional, not to A, B, only, 
but to B, C. 

‘The strain in this case is peculiar, Lat, although intermittent 
and alternate, or in both directions, it is effected entirely without 
shock: and, 2nd, the axle is strained not only in two directions, 
or up and down, but in all directions equally, which would pro- 
bably be more destructive than an equivalent strain in two 
‘opposite directions only, 


DYNAMIC FATIGUE. 


(919.) The philosophy of dynamic fatigue may be easily 
explained : let Fig. 206 represent an unloaded beam A, deflected 
8 inches or to the position B, by a strain or weight of 8 Ibs, 
boing Linch per lb. Now, as shown in (775), the moan strain is 
(8+ 0)+2=4 bs, which acting through 8 inches gives ss 
the mechanical power producing the deflection 4 x 8 = 82 inch- 
lbs., therefore a weight D of 1 tb, falling 32 inches from E 
to B would deflect the beam to B as before—neglecting incrtin 
781). 

: ihe clasticity of the material were porfect, the bar would 
sustain any number of similar blows without injury or increase 
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blows would eventually break it: in fact, it becomes a quostion 
of number of blows as much as of amount of load. 

Tho extreme slowness with which the deflection under suc- 
cessive blows increases, shows that the number of blows neces- 
sary to produce fracture may be very great, extending possibly 
to millions and oceupying yours (911). This will help to 
explain the well-known fact that parts of machinery (such as a 
pump-rod) often fail with a strain which is a small fraction 
only of the normal breaking weight, and one, moreover, which 
had been borne successfully for many years. Thus, the fact 
that a given dynamic strain has been sustained for a lengthened 
period, ig no guarantee that it will be borne for ever. 

(920.) Where a load literally falls npon a beam, a5 in 
Fig. 186, its effect must be calculated by the laws of Impact 
(789), as illustrated in (805), Mr. Hodgkinson made an exten- 
sive series of experiments on the power of impact with cast 
and wrought burs ; many of his results are given by Tubles 121, 
122, 140, &e, The experiments in Table 140 are liable to be 
misunderstood ; the bars wero subjected not to given fractions 
of the breaking weights, which is the usual and most convenient 
course, but to strains producing given fractions of the ultimate 
deflection (696), which is quite a different thing with such an 
imperfectly clastic material as cast iron. 

From the Diagram, Fig, 219, in which the deflections up to 
the breaking waights are shown graphically, we find that bara 
1, 2, and 3 inches square are deflected to 4rd of the ultimate 
deflection by +434, 456, and "488 of the respective breaking 
weights, whereas, of course, with perfect elasticity we should 
have had } or +333 in all cases. We have thus obtained col. 5 
in Table 140. , 

(921,) The Table shows that with 1-inch bars, 4000 blows, 
deflecting the bar to | of ultimate deflection, due by col. 5 to 
434 of the breaking weight, failed to break the bar; another 
bar was not broken with 4000 blows, deflecting it to 4 the 
ultimate deflection, duo to -606 of the breaking weight ; another 
broke with 3700 blows, deflecting it to ;1, the ultimate deflection, 
duo to -684 of the breaking weight. 

With 2-inch bars, two bore 4000 blows, deflecting them to 4 
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load in straining a beam is shown in (832), &e., to depend 
on the horizontal velocity; at very low speeds the effect is 
similar to the action of a cam, which quietly deflects the 
beam; but as the velocity rises the deflection increases until, 
at a certain velocity varying with the span of the beam and the 
elasticity of the material, the defleetion becomes double that due 
to the same load acting statically, or as a dead load. We may 
theroforo admit that a rolling load should not exceed 4 the 
statical or dead load under otherwise similar conditions, and 
this ratio may be applied for all ordinary casos. 

Thus, by Table 66, the Transverse strength of wrought iron 
is 4000 Iba. breaking-down dead load; with Factor 8 we have 
4000 + 3 = 1833 Ibs, safe dead working load. Therefore, 
1333 x 3 888 Ibs, intermittent dead working load, and 
888 x 4 = 444 Ibs, rolling or dynamic working lond. This 
last is }th of 4000 Ibs., the Statical Breaking-down load. 
Again, with Cast iron, the transverse strength for dead load is 
2063 Ibs; with Factor 3 we have 2063 + 3 = 688 Tbs. safe 
dead load, 688 x 4 = 229 Ibs. interntittent lond, and 229 x 4 
= 115 Ibs. rolling load, which is y5th of the statical breaking 
weight. Again, with English Onk, the transverse strength for 
dead load is 509 Ibs. breaking weight ; with Factor 5 we obtain 

= 102 Ibs. safe dead load, then 102 x 4 = 51 Iba. 
intermittent load, and finally 51 x 4 = 26 Ibs. rolling lond, 
which is Jjth of the statical breaking weight, 

(924.) In very many cases the strains on the different parts 
of machinery are not strictly rolling loads, but acting with a 
certain amount of shock they may be taken as similar in their 
action to rolling loads, this being in many cases the best 
approximation that can bo mado. Thus, with the rods of 
single-acting pumps, worked by a 3-throw crank, thore is a 
certain amount of shock in passing the centres, and we may 
take it as doubling the strain in the same way as a rolling load ~ 
would act on, say, the vertical rods of s suspension bridge. 
Then, taking the tensile strength of welded joints, as in our 
case, at 21 tons per square inch (seo Table 1), we havo with 
Factor 8, 21 + 3 = 7 tons safe dead load, 7 x 3 = 4°67 
tons intermittent dead load; and finally 4°67 x 4 = 2°33 tons, 
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load being completely relieved and Jaid on agnin about 8 times 
per minute by a crank-arrangement, To imitate as nearly as 
possible the strain to which Railway bridges are subjected by 
the pussage of heavy trains, the apparatus was designed to 
lower the load quickly, and to produce » considerable amount 
of vibration, as the large lever with its load was left suspended 
on the beam at each stroke. The beam was 16 inches deep, 
and 20 feot between supports; Table 140 gives a compendium 
of the experimental results. 

By (909) with an intermittent dead load, the breaking 
weight of wrought iron is grde of the breaking dead weight; 
and by (92) balf that amount, or jrd where the load rolls over 
the beam at a certain velocity, or where it acts in a manner 
analogous to a rolling load, which is our case; accordingly 
Mr, Fairbairn found that with Jrd of the statical breaking 
weight, the beam broke with 313,000 changes of load. 

This beam bore first 696,790 changes of } the statical break- 
ing weight without apparent injury, or manifesting distress 
by increasing in deflection, which remained practically the 
sime throughout, namely 16 or “17 inch. It was then Jonded 
with 7 or =}, of the breaking weight and bore 403,210 changes 
without distress, the deflection remaining constant throughout 
at ‘22 or *23 inch. The load was then increased to ¢ or js}; 
of the breaking statical weight, and tho beam broke with 
5175 changes. 

‘The beam was then thoroughly repaired, and with }th the 
breaking weight bore without apparent injury 3,150,000 
changes, the deflection remaining constant throughout at -17 
or ‘18 inch, and the permanent set at -01 inch. The load was 
thon increased to 4rd of the statical breaking weight, with 
which the beam broke after $13,000 changes, but without 
manifesting distress by increase of deflection, which remained 
constantly throughout at -2 inch. 

(928.) Mr. Fairbairn concludes from these experiments that 
with jrd of the statical breaking weight, Railysy bridges 
would be decidedly unsafe, but that with 4th of that weight, a 
wrought-iron bridge would be perfectly safe for a great number 
of years, Nevertheless, he allows in practice a larger margin 
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inch, giving 254 x 65 + 2240 = 7-4 tons, requiring 7:4 > 
2-87 = 2-6 square inches area at the key-way, equivalent by 
(210) to 2°6 x 2 = 5:2 square inches of the body of the rod, or 
2 inches diameter where it works through the gland of the 
pump. With a decp-well pump, there would be long rods to 
the surface with welds here and there: by Table 1 the strength 
of welded joints = 47266 Ibs, or 21 tons por square inch 
Breaking weight, which by the “ Ratio” in col. 3 of Table 141 
is reduced to 21x }=7 tons Dynamic strain, and with 
Factor 3, to 7+ 8 = 2°83 tons Working strain. Henes we 
obtain 7-4 + 2:33 = 8-2 square inches, or 2 inches diameter = 
Tablo 28 gives practically the same result: the Working load 
for 2-inch rods being 15,708 Ibs, or 7 tons, being nearly 
7*4 tons, the strain in our case. 

If this same pump had boon doublo-acting, the strain being 
alternately Tensile and compressive, col. 5 of Table 141 gives 
38-2 tons per square inch Breaking weight, or 3-2 — 
1-07 ton working load, requiring 7-4 + 1-07 = 7 aquare inches 
ares, or 3 inches diameter of the body of the rod. Here the 
koy-way question is eliminated, being covered by the largo 
diameter duo with an altornating strain (210). 

(930.) Again: say that we have » short pillar of English 
Oak subjected to an intermittent load of 10 tons acting without 
shock: then, col. 2 of Table 141 gives 1°85 tons per square 
inch Breaking weight, Table 137 gives the Factor = 5, hence 
we obtain 1-85 + 5 = -87 ton per square inch working Joad, 
and require 10 + -37 = 27 square inches area, say 5} inches 
square. If this Oaken rod bad worked a Doublo-acting pump, the 
strain boing both Alternating and Dynamic, col. 5 of Table 141 
gives 0°46 ton Breaking weight, or “46 + 092 ton 
working load, which is } + & = th of 3*7 tons, the Crushing 
dead load by col. 1: we then require 10 — +092 = 109 square 
inches area, or 104 inches square, de. 

Aguin : say we have a rocking-beam working « doublo-acting 
pump, 12 inches diametor, 100 feet head of water = 100 + 2-3 
= 44 Ibs. per squaro inch ; tho area of 12 = 113 square inches, 
hence 118 x 44 + 2240 = 2-2 tons, which being a Dynamic 
and Alternating load is by the “ Ratio” in col. & of Table 141, 
equivalent to 2°2 x 6 = 18-2 tons dead load: wrought-iron. 
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‘Taste 141.—Of the Sraexora or Marentars with Dirvenext Kixps 
of Srnarx, &e,—continued. 





Entermittent Load Off-and-on 
‘continuously, 


Pest | One Direction. | Both Directions, 


‘Without! Dycamle, Without Dynaie, 
ra Dans ee ea 





‘Transverse Strains in Lbe.,on Bars 1 Ench Square, 
1 Post Lang. 


Stool, ordinary bar .. 6720 
» limit of Blasticity) | 5600 
(working load). | 8360 

Wrought Iron, plain burs 


Gimit of of ‘Elasticity) 


limit of’ “Elatitt 
T and I bars " 
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Cast Iron *. 688 
Gun-motal, east 610 
Slate, Bangor, 4 210 
York Paving 36 
. bi MO 
Oak ie a 256 
a 190 
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Say that the beam is a cantilever 5 foot long, equal by (431) 
toa beam 5 x 4 = 20 feet long, supported at both ends: then 
with M, = 4000 Ibs, or 1-8 ton, and assuming the thicknoss 
or B =I inch, we may find the depth D by Rule (325) or 
D= (13-2 x 20) + (1-8 x 14) = 94 inches deop. In this 
ease the working load = } + 8 = 4), of thedead lond. Taking 
the value of My = 667 + 2240 =-3 ton, from col. 5 of 
Table 141, the Rule (824) gives W = 97 x 1, x -3+20= 
2-2 tons breaking dead load, as before. 
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EFFECT OF “size” ON THE STRENGTH OF CAST moN. 5(1 


Fig. 212, the line F being found by the Rule, and the means of 
Mr. Hodgkinson and Captain James" experiments are added for 
comparison. 

It is shown in (942) that Stirling's toughened cast iron, which 
is a mixture of cast and wrought iron, is affected by the thick- 
ness very similarly to ordinary cast iron: thicknesses of 1-0, 
1}, and 2 inches giving specific transverse strengths of 1-0, 
-824, and -784 respectively. 

(985.) * Effect of Thickness on the Tensile and Crushing 
Strength."——We have no direct experiments on this subject, but 
Captain James made some instructive experiments on bars 
} inch square planed out of the centre of 3-inch and 2-inch 
bars of No. 3 Clyde iron, which were eompared with other 
j-inch bara, cast of that size from the same iron, and from these 
we may perhaps obtain by analysis the tensile and crushing 
strains with approximate accuracy. 

The } bars from the 3-inch ones gave anomalous results, we 
will therefore take those from the centre of the 2-inch ones: 
the length being 4} fect, the transverse breaking weight by 
experiment was 134 Ibs. for the j-inch planed bars, and 
193 Ibs. for the cast bars, the ratio being 134 + 193 =-694 
to 1-0. 2 

The crushing strength in the planed-out bars was by experi- 
mont = 60233 Ibs. per square inch, whereas Mr. Hodgkingon’s 
experimenta on ordinary No. 8 Clyde iron gave 106,039 Ibs, 
the Ratio for the Crushing strengths is therefore 60233 —- 
106089 = -568, or 56-8 per cent. 

The Tensile strength of the iron in the centre of the 2-inch 
bare was not observed, but we may calculate it by the Rule 
(499) from the known values of C and W. 


134 x 4:5 x 4:5 
{:75 —V TBE x E35 x £5 + (60233 x-75) x 75 
= 14200 Iba. per square inch. Mr. Hodgkinson’s direet ex- 
periments on ordinary No, 3 Clyde iron gave 23,468 Ibs. per 
square inch; henee the ratio is 14200 + 23468 =-603, or 
60°5 per cent, 
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have the ratio 76-6 + 104-2 = +73, being very nearly that for 
2-inch square bars by Captain James’ experiments (933), which 
was -72 nearly. 

In Mr. Owen's experiments, Table 68, on the contrary, the 
thickness of the bottom flange was 1} inch, for which by Rule 
(934) tho strength should be *783, but the experimental strongth 
was 38'3 + 89:8 = +96, or 96 per cent. of that due by calcula- 
tion on the basis of data from l-inch bars. In this girder, how- 
ever, the thickness of top flange and yortical web wns 1 inch 
only, and the strength was possibly modified thereby, still we 
should have expected that the thickness of the bottom flange 
would have been more influential than it appears to have been. 


Stirling’s Toughened Cast Tron. 


(988.) Many years ago Mr. Stirling introduced his Patent 
process for increasing the strength of ordinary cast iron by 
mixing with it given proportions of wrought-iron scrap: it was 
stated that with 


10 2 30 40 
per cent, of wrought iron, the transverse strength was increased 
225 3b 60 33 


por cont,, the effect being a maximum with 80 per cent., that is 
to say, with a mixture of 100 cast iron to 30 wrought iron, 

Table 143 gives the result of experiments, and shows by col. 5 
that the effect of Stirling’s process on the strength in resisting 
the three principal kinds of strain is very unequal, the Tensile 
strongth being increased 74 per cent. ; the Transverse, 60 per 
cont, and the Crushing, 30 per cent. only, The transverse 
‘strength is of course dependent on the tensile and compressive 
strengths, and calculation will show that an increase of 60 per 
cent. in the transverse strength is almost exactly that due to an 
increase of 74 per cent. in the tensile, and 30 per cent. in the 
crushing strengths. 

(939.) Thus the mean value of T for British Cast-iron (4) is 
7-142 tons, and of CO, 43 tons por square inch (132): then by 
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1-59, or an increase in the transverse strength of 59 per cent., 
as before. 

(940.) Another important question connected with this sub- 
ject is to determine the effect of Stirling’s process on Cast iron 
in girders of ordinary sections, Mr. Berkley’s experiments 
(897) having shown that with ordinary iron, the strength of 
girders is not simply proportional to the transverse strength of 
small test-bars cast from the same metal. 

‘Table 68 gives the result of experiments by Mr. Owen, H.M. 
Inspector of Metals, on a large girder of Mr. Hodgkinson’s 
form, Fig. 79; there were 18 experiments on common cast iron 
of different kinds, and 11 with Stirling’s iron, or cast iron 
mixed with different proportions of wrought-iron serap, varying 
from 17 to 33 per cont. of the cast iron, the mean of the whole 
boing 22 per cent. 

‘Tho mean breaking weight with common cast iron was 98-8 
tons, and with Stirling’s iron 52-3 tons, the ratio is 1 to 62-3 
88-3 = 1-366, showing an increase of 36°6 per cent. only, 
whereas the small test-bars gave, as we have seen in (938), an 
increase of 60 per cent. 

(941) But, analysis of the details of these experiments will 
show that the effect of Stirling’s process varies very much with 
the strength of the particular cast iron to which it is applied, 
weak iron being very greatly improved in strength, while very 
strong irons are scarcely affected at all. Thus, with the Calder, 
which is a very weak iron, experiments 2 and 4 give 88 and 34 
tons respectively, the mean being 33-5 tons :—by experiments 
14, 18, 21, and 24, this same iron mixed with 25 per cont. of 
wrought-iron scrap gave 48, 52, 62h, and 604 tons respectively, 
the mean being 53°25 tons, and we have 53°25 + 33-5 = 1-59, 
or an increase in strength of 59 per cent., agreeing very nearly 
with that given for rectangular bars by Table 143, which was 
60 per cent., and agreeing exactly with the calculations in 
(989). 

But in experiments 12 and 13 wo have a strong mixture of 
irons which gave 47 and 47} tons respectively, the mean being 
47-1 tons, whereas Calder iron gave 33-5 tons only. Now this 
strong iron mixed with 20 per cent. of wrought-iron scrap, gvo 
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the motion is a very slow one, the strength seems to be governed 
by the laws of Impact, or of forces in motion, which differ 
entirely from those dominating a statical force or dead load. 

Examplos of the proper method of calculating tho strength 
of the tooth in a train of crane-whools aro given in (594) and 
(£98), therefore need not be repeated here; but we will con- 
sider the strength of wheels carrying the power of Steam- 
engines or other motors—an important matter which is fully 
considered in the Author's Treatise on * Mill-Gearing.” 

For iron-and-iron toothed wheels we have the Rules :— 


(944.) Hy=V7Dx Rx px wx -043, 
(945.) H,=7Dx Rx px w x -0645. 
For Mortiso Wheels the Rules become :— 
(948.) x=VDxRx px wx +05. 
(947.) H,=7 DxR x p* x w x ‘075. 


In which H, = Nominal Horse-power; H, = net Indicated 
Horse-power; D = diameter of the wheel at pitch line in feet; 
p= pitch in inches; w= width in inches; R= revolutions 
per minute; My and M, = Multipliers for nominal and Indi- 
cated Horse-power respectively. ‘The relations of the Nominal 
and Indicated powers are explained and illustrated in (572). 

Thus, an iron toothed wheel 6 fect diameter, 6 inches wide, 
2 inches pitch, 24 Revolutions, gives Hy = 16 x 24 x 2° x 
5 x °043 = 10°32 Nominal Horse-power. Again; a spur 
mortiso wheel 4 feet diameter, 2} inches pitch, 7 inches wide, 
30 Revolutions, gives by Rule (947), Hy= J x 80 x 24° x 
@ x -075=36 Net indicated Horse-power, or by Rule 
(946), Hy =/D x R x 2h x 7 x +05 = 24 Nominal Horse- 
power, &c. 

‘The width of wheels on the fuce is to a great extent arbitrary ; 
8 good proportion is given by the Rale:— 


(948,) wap vpxis 
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Tante 145,—Of the Sraxxorn and Pnoronrions of Caanx-rixs to 
Sream-znorves. Cases in Practice. 





Fairbairn. 
‘Maudelay. 


43,800 
89,270 


36,200 
38,240 
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82,520 
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longth is, to some extent, arbitrary ; but a good proportion will 
be given by the Rule 
(954,) d=tx-lb. 

In which 7 = the length of the beam between contres in 
inches and d = the depth at the centre in inches ; thus, in the 
42-Horse Engine in Table 148, 1 = 15 feet, or 180 inches: 
hence d = 180 x -15 = 27 inches, as in col, 5, which happens 
to be precisely the depth in practice, us given in col. 3. 


Tasie 148,—Of the Prororrions of Cast-mox Beams to Srram- 
sxarxes, Cases in Practice, 


Depth at the Centre in | Thicknows of the 
‘Inches. Web, in fn 
Hi - [———} of 
By Rule 


Having found the depth, the thickness may be determined 
by the Rule 


(955.) 


In which Hy = the Nominal or Reputed power of the Engine, 
L = Length of the beam in fect, d = depth at the contre in 
inches, and ¢ = the thickness of the main central web in 
inches. Thus, with the 100-Horso beam, in which L = 28, 
100 x 25 x 6 5 _ 
yas xay = 2°11 inches, as in 
el a agreeing with the actual thickness, which was 2} inchos 
y col. 6. 


d = 45, we have t= 


a. 
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Tante 149.—Of the Vantantewess in the Srresorn of Marenrats 
in resisting different Srmaixs. 


Extreme Varia 
Me 
MOD. Min, 
No. of Experi- 
ments. 


7 im 


Ration of Transterse Strength. 


Cast iron .. : 127 | 100 

# Siinting’s tougtened 118 | 100 
Slate, split =... + | 129] 100 
Brick... ele A «| 2b] 100 
120 | 100 
121 | 100 
119 | 100 
100 
100 
100 


100 
100 
‘ 100 
Mahogany, Honduras, fe. : 100 
Onk, English .. oe we 89 | 100 


wy Dantzld os oe asa 7 | 100 
Conndian .. .. ues 8 | 100 
APta oes 9 | 100 

Pine, Pitch .. he! Wet 5 100 

» Red saa, jae] BRR] 200 

» Yellow aa eb, a 100 


» White =“ «9 100 
Took «1. 1 ss «| 128! 100 


Zoo 


Bea aeewe 


& 





Ratios of Cobexlve Strength. 


ss sn | MZ] 100 
wy Eiltlings toughened | 116 | 100 
Wrought iron, Rotled - | 120 | 100 
welded joints | 321) 100 

Stecl, tilted bar. .. 5. | 185 | 100 
» welded joints... .. us| 100 
Boiler-plate, wrought-iron 100 
sted. es ae 100 
Crane“chain, 1} to} inch 1, 4] 100 
= T inch dixmeter.. 100 

a) 


‘Cast iron 
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becomes } = = th of the dead constant Breaking woight, 
the apparent Factor being 20, while the real Factor is 5 only, &c. 

In many cases it is convenient to use the apparent rather 
than tho real Factor of Safety, and this course has been 
adopted frequently throughout this work: thus for Railway 
Bridges, the Factor used by most Engineers is 6, which is in 
fact the apparent Factor: being an intermittent strain with 
wrought iron, the Real Factor is 6x 3=4. Thus, say wo 
have a Bridgo whose calculated breaking weight = 600 tona, 
then with Factor 4, we obtain 600 +4 = 150 tons dead Safe 
loud, or 150 x % = 100 tons intermittent Safe load: evidently we 
should have obtained the same result more easily by using the 
apparent Fuetor 6, which gives 600 + 6 = 100 tons, as before. 

{961.) “Strength of Flat Cover to Boiler.”—A circular Boiler 
in America, 48 inches diameter, was provided with a plain, flat 
cover of cast iron 1} inch thick, and was subjected to a steam 
pressure of 160 to 170 Ibs. per square inch, which it bore for 
about 6 montha and then burst:—breaking at the edge all 
round. By Rale (867) we obtain p = 147 x 148390 + 48" or 
83-5156 x 148890 + 2304 = 227 Ibs. per square inch: but 
applying the correction for thickness of metal ag given in (934) 
and taking the valuo of z for say 2 inches thick at -T4, we 
obtain 227 x *74 = 168 Ibs. bursting pressure per square 
inch, or practically the pressure with which the cover actually 
burst, so that it is surprising that it did not fail bofore. 

(962.) “Low Resilience of Slate, ée."—Slate and York paying 
are froquently used for flooring in cases where they are sup- 
ported at the onds only and act as beams: as there will always 
bo a probability of a blow from the load falling on the floor, and 
those materials are excessively weak in rosisting Impact, that 
fuct should be borne in mind and extra strength provided to 
guard against failure. Table 67 shows by col. 6, that a Cast- 
iron plate of a giyon thickness, &c., will bear a safe falling load 
6°78 + *2 = 84 times the safo falling load for a similar plate 
of Slate; and 6°78 ~ 06 = 113 times!! the safo falling load 
for York paving. 

(963.) “ Graphic Ratios of Strength, dc."—Figures give, of 
course, very precise information as to the Specific Strengths of 
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the system pursued in the proparation of that work Sa were 
« + + + Engineers will find the chapters on combustion wad Hes 
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‘way inferior to those which have preceded it. It contains within the 
‘of some eighty odd octavo ive chapters treating respectively of the 

unit of power, of wheels, of shafts, of riggers, and of bys for 
‘wheels and riggers; the work being concluded by an ba eape the 
chapter on wheel, Mfr, Hox gives rules for laying out and calculating the 
Strength of teeth, as woll as for proportioning the wheels themselves, these 
rales being accompanied by numerous tables, which materially facilitate 
calculation. Similarly the chapter on shafts comprises rules for caleulating 
the transmitting power of shafts under different conditions, tage wil 
descriptions of various methods of coupling, useful notes on plumber-blocks, 
bearings, &c., and a section devoted to the consideration of crank-shafts for 
driving pamps and other work, ‘The chapter on riggers or pulleys contains 
‘@ clear explanation of the action of belts, accompanied by some useful tables; 

















and also rules for the proportions of riggers « 
chapter, though brief, is equally good in it 
contains notes on the contraction of whe 
shafts and gearing for screw-propellers, a1 
shafts. We have now briefly indicated the 
little treatise, and we trust we have said er 
valuable addition to the practical engineer's 

“Practical engineers owe a debt of gratity 
tion and publication of three valuable little 
another on Heat, and now another on Mill-g 
in their way. Mr. Box’s work is essential] 
or no knowledge of mathematics to enable i 
work is admirably illustrated, beautifully pri 
cise, and precise style, which reflects much c: 





By the same Aut 
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Fourth Edition, containing 30 Tables, 









































